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Abbreviations & Definitions
1D, 2D, 3D
A
B0
B1
C
CMPG
CSA
CSD
Csp
CT
Da
DD
DNA
dsDNA
dsRNA
FID
FT
G
GVP
HMQC
hnRNP
HSQC
INEPT
J(œ)
L10
L34
one-, two-, three-dimensional 
adenosine
strength static magnet field 
Spin lock field 
cytosine
Carr-Purcell-Meiboom-Gill
Chemical Shift Anisotropy = G  // — G ± = -160 ppm,
which is the difference between the parallel and perpendicular
components of the axial symmetric chemical shift tensor
Cold Shock Domain
Cold Shock Protein
Constant Time
Dalton
dipolar interaction 
deoxyribonucleic acid 
double stranded DNA 
double stranded RNA 
Free Induction Decay 
Fourier Transform 
guanine 
gene V protein
Hetero Multiple Quantum Correlated Spectroscopy
heterogeneous nuclear RNP
Hetero Single Quantum Correlated Spectroscopy
Insensitive nuclei enhanced by polarization transfer
spectral density at frequency œ
Leucine 10
Loop between ß-strand 3 and 4
10 Abbreviations
NMR Nuclear Magnetic Resonance
NOE Nuclear Overhauser Effect
NOESY Nuclear Overhauser Enhancement spectroscopy
MD Molecular Dynamics
mRNA messenger RNA
nt nucleotide
OB-fold Oligonucleotide/oligosaccharide Binding fold
PAGE Poly Acryl Gel Electrophoresis
PCR Polymerase Chain Reaction
PDB Protein Databank Brookhaven
PFG Pulsed Field Gradient
ppm parts per million
R1 longitudinal relaxation rate or spin-lattice relaxation rate
R2 transversal relaxation rate or spin-spin relaxation rate
Rex exchange rate
rms root mean square
rmsd root mean square deviation
RNA ribonucleic acid
rNH internuclear 15N-'H distance = 1.02 Â
RNOE rate of Heteronuclear NOE transfer
ROE Rotating frame Overhauser Effect
ROESY Rotating frame Overhauser Enhancement spectroscopy
RRM RNA Recognition Motif
RNP RiboNucleoProtein
S2 general order parameter, which is a measure for the freedom of motion of 
an atom or group of atoms
SA Simulated Annealing
SD Standard Deviation
SN Staphylococcal nuclease
snRNP small nuclear RNP
ssDBP single stranded DNA binding protein
ssDNA single stranded DNA
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ssRNA single stranded RNA
T Thymine
T  longitudinal relaxation time or spin-lattice relaxation time = 1/R
T2 transversal relaxation time or spin-spin relaxation time = 1/R2
TAD Torsion Angle Dynamics
TEBP Telomer binding protein
TPPI Time Proportional Phase Incrementation
TOCSY Total Correlation Spectroscopy
tRNA transfer RNA
U Uridine
watergate water suppression by gradient-tailored excitation
XNOE 15N-1H heteronuclear NOE: n = ~sa^ ,
Iref
with Isat, Iref: intensities of saturated and reference spectrum, respectively.
Yh gyromagnetic ratio of 'H  = 2.675221 x 108 rad s-1 T-1
yN gyromagnetic ratio of 15N = -2.712 x 107 rad s-1 T-1
h  Planck’s constant/(2n) = 1.054573 x 10-34 J s
permeability constant of vacuum = 4n x 10-7 kg m s-2 A-2
n NOE enhancement
Tc rotation correlation time
oh, œ  frequency of proton or nitrogen, respectively [rad/s]
*The amino acids are abbreviated with the one- and three-letter code. 
** Abbreviations of the proteins used in chapter 6 are given in Table I
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14 Chapter 1
This thesis describes the structure, dynamics, and nucleic acid binding properties 
of an extremely conserved domain of a group of proteins, that are widely present in nature, 
the Y-box proteins. This domain, the cold shock domain (CSD), is named after the bacterial 
cold shock proteins, which play an important role in the cold shock response. The main 
technique used to study the structure, binding properties, and dynamics of CSD is multi­
dimensional NMR (nuclear magnetic resonance) spectroscopy. This technique is well 
established and extensively described in the textbooks written by Wüthrich, 1986; van de 
Ven, 1995; Cavanagh et al., 1996.
To understand the subject of this thesis, many aspects have to be introduced. In 
this chapter, this done is a stepwise manner. First the importance of the Y-box proteins is 
explained, followed by a more detailed description of the human Y-box protein, YB-1, 
from which our CSD was taken. Secondly, the domain structure of the Y-box proteins is 
discussed. Thirdly, the function of the bacterial cold shock proteins is elaborated including 
a comparison with CSD. Fourth, a comparison between the protein fold to which CSD 
belongs and other nucleic acid binding protein families is made. The discussed families 
have in common that their binding site is located on a ß-sheet surface. Finally, the questions 
we posed ourselves and outline of the work presented in this thesis is given.
Y-box proteins
The central role of DNA as the carrier of genetic information in all living species 
has become common knowledge in our society. How the hereditary information encoded in 
DNA (deoxyribonucleic acid) is brought to expression is, however, much less familiar. To 
be able to understand this process, one has to have knowledge of the very complicated 
processes by which the genes are switched on and off. Genes are those parts of the DNA 
sequence, which encode proteins and structural RNA-molecules (ribonucleic acid). During 
the last 20 years, it has been established that proteins and complexes of these proteins play 
a major role in the regulation of the processes of gene expression. One of the protein 
families involved in gene expression is the family of Y-box proteins. These proteins play a 
major role in the regulation of transcription and translation. Transcription is the process of 
copying DNA into messenger RNA (mRNA), while translation is the synthesis of proteins 
using mRNA as a template. The Y-box proteins are remarkable because they are, and I 
quote from Wolffe, 1994, “the most evolutionary conserved nucleic acid binding proteins
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CTG CCTT AA
Figure 1: The consensus Y-box sequence. The core o f the Y-box sequence is boxed. The letters stand 
fo r the four different building blocks o f DNA: the nucleotides adenosine (A), cytidine (C), 
guanosine (G), and thymidine (T) o f which adenosine and guanosine are purines and cytidine and 
thymidine are pyrimidines.
yet defined in bacteria, plants and animals”. They were first identified in human cells and 
isolated by binding to a DNA probe containing the Y-box sequence (Dorn et al., 1987a,b; 
Didier et al., 1988). This sequence, which consists of twelve nucleotides (given in Figure 
1), is found in all species mentioned above.
In a first approximation, the Y-box proteins have been divided in two categories. One group 
is present in germ cells (reproductive cells, like egg cells, also called oocytes and sperm 
cells, also known as spermatocytes) and the other group in all other cells (somatic cells) 
(See Table 1 for examples, reviewed by Wolffe et al., 1992 and Matsumoto et al., 1996). In 
somatic cells, Y-box proteins are predominantly present in the nucleus where they function
Table 1: Examples o f somatic and germ cell-specific Y-box proteins. Human YB-1 is also 
known as DbpB and FRG Y2 as mRNP4. FRG Y2 protein is present in Xenopus laevis 
oocytes andMSY1 in mouse spermatocytes (Tafuri et al., 1993a,b; Braun, 2000).
Somatic Y-box proteins Germ cell specific Y-box proteins
mYB-1 Mouse MSY1 Mouse
GFYP1 Gold fish GFYP2 Gold fish
YB-1 Human mRNP3 Clawed toad
FRG Y1 Clawed toad FRG Y2 Clawed toad
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as transcription factors by interacting with the promoters of genes containing the Y-box 
sequence or with pyrimidine-rich promoters (Kolluri et al., 1992; Ranjan et al., 1993; 
Shnyreva et al., 2000). A promoter is a short DNA sequence preceding a gene or a cluster 
of genes that defines where transcription starts i.e. the protein RNA polymerase binds and 
subsequently performs the actual transcription. In this part of the DNA sequence also 
multiple binding sites for transcription factors are present. These factors attenuate (repress 
or enhance) transcription by binding to DNA and by interacting with each other. For 
example, the Y-box proteins and their complexes with other proteins can change the 
compactness and the conformation of the DNA enabling the transcription machinery to 
function more effectively or blocking it (Tafuri & Wolffe, 1992; Wolffe et al., 1992; 
Sommerville & Ladomery, 1996a; Swamynathan et al., 1998). Examples of teamwork with 
other transcription factors have been described extensively (Chen et al., 1995; Zou & 
Chien, 1995; Shnyreva et al., 2000; Chernukhin et al., 2000; Izumi et al., 2001). A 
summary of the different types of genes that are regulated by the Y-box proteins given in 
Table 2 demonstrates the versatility of these proteins.
In germ cells, the Y-box proteins are mainly present in the cytoplasm. There they 
are involved in translational regulation. The process underlying this regulation is called 
masking, which is defined as the storage of a translationally repressed state of mRNA 
(Sommerville & Ladomery, 1996b). Masking is an important process in development of 
egg cells (oogenesis), sperm cells (spermatogenesis), and embryos (embryogenesis), and 
mainly occurs in the early stages of animal and plant development (Richter, 1991). Directly 
after its synthesis, mRNA is packaged into messenger ribonucleoprotein particles (mRNP- 
particles). In this way, the mRNA is accumulated so that it can be released when required 
for translation during early embryogenesis (reviewed in Sommerville & Ladomery, 1996b). 
The Y-box proteins are the major packaging elements in the mRNP-particles and can be 
viewed as general “RNA histones” (reviewed by Tafuri et al., 1993c; Yurkova & Murray,
1997).
The division of the Y-box proteins into the two groups mentioned above is too 
simplified to do justice to the versatility of these proteins. In germ cells, the proteins are not 
only found in the cytoplasm, but also in the nucleus albeit in low concentrations. There they 
are likely to participate in transcription regulation (Ranjan et al., 1993). For example, in the 
case of increased presence of the germ cell protein FRG Y2 of Xenopus laevis, an increased
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Table 2: Overview o f genes regulated by Y-box proteins
Genes involved in References
cell proliferation and cell growth Sabath et a l, 1990; Tafuri & Wolffe, 1990, 
1992; Ito et al., 1994; Ladomery & 
Sommerville, 1995; Ohmori et al., 1996; 
Sommerville & Ladomery, 1996a
DNA repair Koike et al., 1997
multiple drug resistance Goldsmith et al., 1993
modification of chromatin Yiu & Hecht, 1997
redox-state dependent-transcriptional 
enhancing
Duh et al., 1995
tissue cell specific processes Tafuri & Wolffe, 1990; Wolffe et a l, 1992; 
Grant & Deeley, 1993; Ladomery & 
Sommerville, 1995; Ladomery, 1997; Yiu & 
Hecht, 1997
stress response Ohga et al., 1996, Mertens et al., 1997, Li et 
a l, 1997
immune response (major 
histocompatibility class II (MHC-II) 
genes)
Dorn et al., 1987a, Lloberas et al., 1995, 
Ohmori et al., 1996
transcription from Y-box sequence containing promoters and a reduction in translation of 
all mRNAs is found (Deschamps et al., 1992; Ranjan et al., 1993; Yurkova & Murray,
1997). This indicates that germ cell Y-box proteins can enhance transcription of a specific 
set of genes and non-specifically repress translation. Such a double role has also been seen 
for other transcription factors, for example TFIIIA (Ranjan et al., 1993; Ladomery, 1997). 
Also splicing proteins and mRNA-binding proteins can have a similar double functionality.
In somatic cells, analogous observations have been made, i.e. in addition to their 
presence in the nucleus, somatic Y-box proteins have also been found in the cytoplasm 
(Sakura et al., 1988; Ohga et al., 1996; Koike et al., 1997; Matsumoto et al., 1998). It has 
been proposed that the somatic Y-box proteins in the cytoplasm function in RNA storage
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and RNA stabilization and translation inhibition (Minich et al., 1993; Evdokimova et al., 
2001). So, in general we can say that the Y-box proteins are multifunctional regulators of 
gene expression (Ladomery, 1997). The picture developing now is that both in germ cells 
and somatic cells they fulfill a role in coupling transcription and translation (Matsumoto et 
al., 1998; Evdokimova et al., 2001).
Alternative functions for the Y-box proteins have also been suggested. For 
example, for human YB-1 a role in DNA repair and replication has been proposed 
(Hasewaga et al., 1991, Grant & Deeley, 1993). This protein and its possible functions are 
discussed in more detail in the next paragraph since its central domain is the subject of this 
thesis.
Function of YB-1
At the start of our study, the function of the human, somatic YB-1 protein was not 
very well known (discovered by Didier et al., 1988 and Sakura et al., 1988, also known as 
DpbB). The YB-1 protein was considered to be a transcription factor (Didier et al., 1988), 
and mainly present in nucleus (Spitkovsky et al., 1992; Kudo et al., 1995). This matches 
the properties of somatic Y-box proteins as given above. YB-1 regulates the expression of a 
specific set of genes, which are involved in cell growth, proliferation regulation, immune 
response, and performs this function via the signal transduction cascade (for details see: 
Didier et al., 1988; Sabath et al., 1990; Kolluri et al., 1992; MacDonald et al., 1995; 
Lloberas et al., 1995; Makino et al., 1996; Raj et al., 1996; Mertens et al., 1997; 
Chernukhin et al., 2000; Gallia et al., 2000). Recently, many papers appeared describing 
additional cellular processes in which YB-1 performs a role besides transcriptional and 
translational regulation. Below a summary of these results is presented.
The production of the YB-1 protein itself is linked to the immune response, 
because it is induced by immune response factors such as Interleukin-2 (Sabath et al., 
1990). Additionally, the synthesis of YB-1 is increased in cancer cells (e.g. Fung et al., 
2000; Tanaka et al., 2000) and in cells with DNA damaged by oxidative stress, UV- 
radiation or by chemical agents such as cisplatin, which is an anticancer agent (Makino et 
al., 1996; Ohga et al., 1996; Koike et al., 1997; Ohga et al., 1998). It is presumed to protect 
cells from cytotoxic effects of DNA-damaging agents that induce cross-linking within the
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DNA (Makino et al., 1996; Ohga et al., 1996). The finding by Izumi et al., 2001 that YB-1 
has 3’^ -5 ’ exonuclease activity and prefers to bind to cisplatin modified Y-box sequences, 
suggests that YB-1 is involved in DNA repair. This function was already suggested by 
Hasegawa et al., 1991, who proposed that the function of YB-1 is maintenance of 
chromatin structure and DNA repair.
Besides a function in DNA repair, the Y-box protein might also be a part of the 
stress signal transduction mechanism in mammals as hypothesized by Li et al., 1997. For 
example, YB-1 is also involved in the transcriptional regulation of grp78, a molecular 
chaperone that complexes with incorrectly folded proteins, under diverse stress signals (Li 
et al., 1997). Another example is the multidrug resistance gene, which is regulated by YB-1 
and that is modulated not only by cytotoxic drugs, carcinogens, but also by heat shock and 
differentiating agents (compounds that change the structure and function of cells) 
(Goldsmith et al., 1993). This implies that YB-1 is probably active in the stress response in 
a more general sense.
In summary, YB-1 is involved in stress response, cell growth and proliferation and 
the immune response. These functions might be linked to each other, since stress and the 
processes that affect the immune system discussed above often influence cell growth and 
cell proliferation. For example the carcinogen and other toxic compounds in question are 
frequently differentiating agents or affect cell growth. The role YB-1 plays in the response 
to different stress factors and the immune response is in most cases to regulate cell growth 
and cell proliferation.
The domain structure of Y-box proteins
Y-box proteins have a modular structure. They are composed of three domains: a 
N-terminal part (residue 1-51, figure 2a), a central domain, the so-called cold shock 
domain, (CSD, residue 52-129), and a C-terminal tail domain (residue 130-324) (Ozer et 
al., 1990; Murray et al., 1992). The CSD is the domain of interest in this thesis. It is noted 
in passing that there is one exception that deviates from this general structure: ChkYB-1HP. 
This is an Y-box protein lacking the cold shock domain (Nambiar et al., 1998a).
The N-terminal domain is variable in sequence and length. The CSD is extremely 
conserved among the Y-box proteins, with more than 90% sequence identity (Wolffe, 1994; 
consensus sequence see Figure 2B). The C-terminal domain consists of four alternating
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Figure 2: A) Domain structure o f Y-box proteins based on human YB-1. Residues 1 to 51 form the 
N-terminal domain, CSD is composed o f residues 51 to 129 and the C-terminal tail domain runs 
from 130 to 324 and consists offour B/A islands. B) Consensus sequence o f CSD o f Y-box proteins. 
Residues in gray are rare replacements.
basic and acidic blocks of 30 amino acids each, the so-called basic/acidic (B/A) islands 
(Ozer et al., 1990; Murray et al., 1992). This pattern of alternating basic and acidic block 
sequences continues into the central domain (Ozer et al., 1990). Although there is 
significant variation in the C-terminal domains, their block structure is conserved in the 
different Y-box proteins (indicated in Figure 2A).
Numerous studies have been performed to define the nucleic acid- and protein 
binding properties of the Y-box proteins and to relate these properties to their functional 
behavior. Most investigations indicated that the Y-box proteins have a preference for 
binding to single stranded DNA (ssDNA) and RNA (Murray, 1994; Wolffe, 1994). For 
obvious reasons, most of these studies focused on the binding of nucleic acids containing 
the Y-box sequence (e.g. Didier et al., 1988; Tafuri & Wolffe, 1990; 1992; Wolffe et al., 
1992). A number of studies indicated, however, that pyrimidine-rich ssDNA-sequences 
bind even stronger than Y-box containing ssDNA-sequences (Kolluri et al., 1992; Grant &
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Deeley, 1993; Horwitz et al., 1994; Ladomery & Sommerville, 1994; Wolffe, 1994). 
Despite the large number of binding studies performed, an entirely transparent picture of 
the binding properties, e.g. binding selectivity, of the Y-box proteins has not developed. In 
fact, the situation is rather confusing due to the use of different experimental conditions, 
such as ionic strength, the length and sequences of the nucleic acid fragments, and the 
applied detection method, which prevents a reliable comparison between the different 
results.
A large number of functional studies has been performed which indicated special 
roles for the different modules of the Y-box proteins (Tafuri & Wolffe, 1992; Kolluri et al., 
1992; Ranjan et al., 1993; Murray, 1994; Wolffe, 1994; Bouvet et al., 1995; Zou & Chien, 
1995; Sommerville & Ladomery, 1996b; Matsumoto et al., 1996; Nambiar et al., 1998b; 
Izumi et al., 2001; Evdokimova et al., 2001). General conclusions drawn from these studies 
are summarized in figure 2A. As indicated there, nucleic acid recognition is mainly 
mediated by the CSD, while the C-terminal domain may be involved in protein-protein 
interactions and in facilitating nucleic acid interactions. The role of the variable N-terminal 
domain is less well defined, but a recent report (Ruzanov et al., 1999) showed that it 
mediates binding to actin (perhaps not in a direct way), presumably contributing to mRNA 
localization in the cell. The details of the functional studies suggest that the exact functions 
of the central and C-terminal domain and their interplay seem to vary per protein. In YB-1, 
the domains act together but for an additional purpose. CSD together with the first 3 B/A 
islands (BAB) form the location of the 3’^ 5 ’ exonuclease activity mentioned in the 
previous paragraph (Izumi et al., 2001).
Another aspect of the Y-box protein domain structure is that the C-terminal 
domain contains many phosphorylation sites and CSD two of those sites (Wolffe, 1994). 
Phosphorylation of the latter two sites does not influence the nucleic acid binding properties 
of CSD (Murray et al., 1992; Tafuri & Wolffe, 1993c; Sommerville & Ladomery, 1996a). 
Phosphorylation of the sites in the C-terminal domain facilitates protein-protein interactions 
and the formation of ribonucleoprotein particles, leading to the hypothesis that it is required 
to maintain a masked state (Kick et al., 1987; Murray et al., 1991; Tafuri & Wolffe, 1992; 
Wolffe, 1994; Wolffe et al., 1992; Sommerville & Ladomery, 1996b; Matsumoto et al.,
1998). Therefore, dephosphorylation might be an aspect of the mechanism underlying the 
release of mRNA for translation.
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The bacterial cold shock proteins
At this point, it is interesting to consider a class of proteins known as the cold 
shock proteins (Csps), because of the many similarities between these bacterial molecules 
and the Y-box proteins. In fact, the cold shock domain has been named after them (Wistow, 
1990; Tafuri & Wolffe, 1992; Willimsky et al., 1992). The eukaryotic cold shock domain 
and the bacterial Csps have a high sequence identity, around 40% (reviewed by Wolffe, 
1994 and Sommerville, 1999). Furthermore, both the bacterial proteins and the eukaryotic 
CSD contain RNA binding motifs, the so-called RNP-1 and RNP-2 like motifs, consisting 
of the following sequences KGFGI on ß-strand 2 and VFVHF on ß-strand 3 (RNP: 
ribonucleoprotein; Landsman, 1992). It is for this reason that the Csps and the cold shock 
domain of Y-box proteins have often been compared to understand their individual 
functions. For example, on the basis of the high sequence identity with the Csps, CSD has 
been proposed to have a similar three-dimensional structure (Sommerville & Ladomery, 
1996b). Before we start to compare the properties of the bacterial and eukaryotic proteins 
with each other to predict those of the cold shock domain, we briefly introduce the cold 
shock phenomena in bacteria.
When a bacterium is subjected to a sudden reduction in temperature, e.g. from 37 
°C to 5 °C for a mesophilic bacterium (optimal growth temperature 37 °C), its metabolic 
rate and protein synthesis are seriously affected. To be able to survive cold shock, 
prokaryotes have to be able to adjust the affected cellular processes, which is called the 
cold shock response (Jones & Inouye, 1994; Wolffe, 1995; Thieringer et al., 1998). The 
response has been most extensively studied in E. coli. During cold shock, protein synthesis 
in E. coli stops because the translational machinery can not be assembled properly due to 
disassembly of the ribosomes and the stabilized and increased secondary structures in DNA 
and RNA at low temperature, which prevents translation initiation (Shaw & Ingraham, 
1967; Broeze et al., 1978; Jones & Inouye, 1996; Yamanaka et al., 1998). The Csps belong 
to a small set of proteins whose production is not ceased, but induced (Jones & Inouye, 
1996; Jiang et al., 1993; Wolffe, 1995; Mitta et al., 1997). In particular, the production of 
CspA is increased over 200-fold in response to the temperature drop. The Csps have special 
properties so that they can be synthesized anyway. Their mRNA is stabilized at low 
temperature and is degraded much slower than at the optimal growth temperature of E. coli, 
which is 37 °C. In addition their mRNA contains a sequence that is complementary to the
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ribosomal RNA which enables the formation of the translation initiation complex (Jones & 
Inouye, 1996; Jiang et al., 1993; Wolffe, 1995; Mitta et al., 1997). The small set of cold 
shock inducible proteins act together to resume general protein synthesis and cell growth. 
First of all, nucleic acids are unwound actively followed by packaging to prevent the 
formation of secondary structures in the nucleic acid strands (Gualerzi & Pon, 1990; 
Graumann et al., 1997; Jiang et al., 1997; Yamanaka et al., 1998). Now the nucleic acids 
are available to be incorporated again in the translational/-scriptional machinery. Secondly, 
a specific set of proteins is transcriptionally activated by the Csps that take care of the 
resumption of the actual transcription and translation (Gualerzi & Pon, 1990; Dammel & 
Noller, 1995; Jones & Inouye, 1996). Homologues of CspA in other bacteria have the same 
function, for example CspB of B. subtilis. Summarizing, the cold shock response is a very 
complex, highly regulated mechanism in which the Csps play an important role as RNA 
and DNA chaperones and also by acting as transcriptional and translational activators and 
repressors.
Both in E. coli and B. subtilis, additional Csps have been characterized that are not 
cold shock inducible (reviewed by Blattner et al., 1997; Graumann et al., 1997; Kunst et 
al., 1997; Thieringer et al., 1998; Yamanake et al., 1998). These Csps are involved in 
developmental and growth regulation and are present at normal growth temperatures.
Now we have described the processes in which the Csps are involved, we can start with the 
comparison between Csps and the Y-box proteins, in particular their cold shock domain. 
Based on the high sequence identity, it was proposed that CSD has a similar structure as the 
Csps as mentioned above. The structures of four cold shock proteins have been determined 
at atomic resolution, i.e., CspA E. coli, CspB B. subtilis, Csp of Bacillus caldolyticus, a 
thermophilic bacterium, and Csp of Thermotoga maritima, a hyperthermophilic bacterium. 
The structures, superimposed in Figure 3A, are very similar to each other. The proteins are 
all small 5-stranded ß-barrel proteins without disulfide bonds (the strand order is indicated 
in Figure 3B). This general structure is called the oligonucleotide /oligosaccharide-binding 
fold (OB-fold), described by Murzin, 1993. In contrast to the other Csps, the CspB protein 
of B. subtilis is found to be a dimer in the crystal structure and by NMR (Schindelin et al., 
1993; Makhatadze & Marahiel, 1994). The dimerization interface is formed by 
intermolecular hydrogen bonds between ß-strands 1 and 4. The dimer formation is
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Figure 3: A) Overlay o f the structures o f CspA from E. coli (black), CspB from B. subtilis (dark 
gray, Schnuchel et al., 1993; Schindelin et al., 1993), Csp from B. caldolythicus (light gray, 
Mueller et al., 2000) and Csp from T. maritima (white, Kremer et al., 2001). The loops are called 
Lxy with x and y  being the numbers o f the connected strands. Superposition made using WHAT IF  
(Vriend, 1990) .B) Ribbon representation o f CspA from E. coli (Schindelin et al., 1994; Newkirk et 
al., 1994; Feng et al., 1998). The residues involved in DNA binding are indicated on the ribbon 
representation including the strand order.
dependent on pH, phosphate ions and protein concentration in solution (Makhatadze & 
Marahiel, 1994) and its functional relevance is not known yet.
If we look at the protein family to which both CSD and Csps belong, we see that 
there are many single stranded nucleic acid binding members. The Csps have the same 
general single stranded nucleic acid binding properties as many of those other single 
stranded nucleic acid binding proteins; they show a preference for polypyrimidines or 
pyrimidine-rich sequences for both ssDNA and ssRNA to which they bind cooperatively 
(Jiang et al., 1997; Graumann et al., 1997; Lopez et al., 1999; Lopez & Makhatadze, 2000; 
Kremer et al., 2001). For the OB-fold, it is known that aromatic side chains contribute to 
the stability of the formed nucleic acid protein complexes by stacking upon the bases of the 
nucleic acids (Kolluri et al., 1992; Schröder et al., 1995; Jiang et al., 1997; Schindler et al.,
1998). In Csps and CSD, the aromatic side chains (indicated for CspA together with
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positively charged residues involved in binding in figure 3B) involved in nucleic acid 
binding are part of the RNP-1 and RNP-2-like motifs (RNP-1-like motif: N/K G Y/F GFI 
and RNP-2-like motif: VFVH). The presence of the motifs may be the basis for recognition 
of some specific sequences. The cold shock proteins CspA of E. coli and CspB of B. 
subtilis bind to ATTGG and CCAAT sequences in ssDNA with high affinity (Graumann & 
Marahiel, 1994; Schröder et al., 1995; Kremer et al., 2001), while the Y-box proteins bind 
specifically to the Y-box sequence in which the aforementioned sequences are embedded 
(Figure 1A). Summarizing, the binding properties for both RNA and DNA of the individual 
Y-box proteins and also the Csps are similar besides small differences in specificity, 
binding strength, and extent of cooperativity even though their binding sites are almost 
identical.
The next step in our comparison is to make the connection between the structural 
and nucleic acid binding properties described above with the three main functions of Y-box 
proteins and the Csps: transcriptional regulation, and RNA and DNA storage and 
protection. First, both types of proteins interact with promoter elements that resemble the 
Y-box sequence or the core of this sequence (ATTGG) to establish this transcription 
regulation (Didier et al., 1988; La Teana et al., 1991; Jones et al., 1992b; Marello et al., 
1992; Chen et al., 1995; Wolffe, 1995; Bayarsaihan et al., 1998). As expected from the 
general binding properties, Y-box proteins and the Csps also bind to pyrimidine-rich 
promoters with even higher affinity than the Y-box sequence containing promoters 
(Marello et al., 1992; Chen et al., 1995; Bayarsaihan et al., 1998; Lopez et al., 1999; Lopez 
& Makhatadze, 2000). The genes that both Csps and Y-box proteins regulate are involved 
in (fast) growth and cellular development (amongst others, see Table 2).
Secondly, both the cold shock proteins as the Y-box proteins act as nucleic acid 
chaperones (Tafuri & Wolffe, 1993c; Jones et al., 1996; Sommerville & Ladomery, 1996a; 
Bae et al., 1997; Swamynathan et al., 1998). Both types of proteins can stabilize single 
stranded regions in both DNA and RNA (Jones et al., 1996; Sommerville & Ladomery, 
1996a; Bae et al., 1997; Jiang et al., 1997; Matsumoto & Wolffe, 1998; Swamynathan et 
al., 1998). For example, the Csps and Y-box proteins act as RNA chaperone when (fast) 
growth has to occur (Thieringer et al. 1998). In the prokaryotes, this is the case during the 
prokaryotic cold shock response and in eukaryotes in the early stages of embryogenesis.
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The germ cell Y-box proteins package the mRNA and store it in mRNP particles (Tafuri & 
Wolffe, 1993c), so that it is present in large amounts when it is needed. The cold shock 
proteins enable the formation of the translation initiation complex by destabilizing 
secondary structure in mRNA, so that protein synthesis can be restarted (This implies that 
the ribosome can easily replace the Csps because it has a higher binding constant, which is 
not completely understood from a physicochemical point of view). So, they have very 
similar functions, namely general packaging of RNA and DNA for different conditions. 
There are even more parallels. In both processes, the (single stranded) mRNA and DNA are 
stabilized by the proteins and protected from degradation. The Y-box proteins are also 
induced upon environmental stress just like the Csps, for example when DNA is damaged. 
It is clear that the functions of the bacterial Csps and the eukaryotic Y-box proteins show 
many similarities (Wolffe et al., 1992; Wolffe, 1995; Tafuri & Wolffe, 1993c; Jones et al., 
1996; Bae et a l, 1997).
For completeness, we note that CSD is present in other proteins than only Y-box 
proteins, for example Unr (Doniger et al., 1992; Jeffers et al., 1990), the LIN-28 protein 
(Moss et al., 1997), YPS of Drosophila (Thieringer et al., 1997), RBP16 (mitochondrial 
RNA binding protein of 16 kDa) of Trypanosoma brucei (Hayman & Read, 1999; Pelletier 
et al., 2000), and the plant GRP2 proteins (Kingsley & Palis, 1994). They all consist of 
CSD together with other domains and interact with nucleic acids. Most of them have a 
(post)transcriptional or translational regulatory function in growth and development (e.g. 
Unr and LIN-28). The CSD containing proteins and their functions have been reviewed by 
Graumann & Marahiel, 1998. The CSD-containing proteins are present in nearly all 
organisms and an ancient origin is likely (Wistow, 1990; Graumann & Marahiel, 1998).
Protein families using a ß-sheet surface to bind to nucleic acids: OB- 
fold and RNP-fold
In the previous section it was shown that both the bacterial cold shock proteins and 
CSD belong to the Oligosaccharide/oligonucleotide fold protein family. This OB-fold was 
first identified by Murzin & Clothia, 1992 and Murzin, 1993. They described it as “a five- 
stranded ß-sheet coiled to form a closed ß-barrel” and proposed a general position of the
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binding site for or sugars or nucleic acids on the ß-sheet surface between the loop 
connecting strand 1 and 2 and the loop connecting strand 4 and 5. The fold is found in a 
wide range of proteins. The known sugar binding OB-fold proteins are mainly toxins, while 
the oligonucleotide binding proteins are involved in a wide array of functions involved in 
gene-expression regulation, DNA repair, cell division, nucleic acid metabolism and DNA 
recombination. The function, structure and folding kinetics of many of them have been 
described. It would lead too far to treat the members individually here.
Many researchers, for example D. Suck, 1999, looked for evolutionary 
relationships between the different nucleic acid binding members of the OB-fold protein 
family, because the fold is wide spread amongst proteins with different functions and also 
different oligomeric states. The ssDNA binders in D. Sucks comparison had in common 
that they bound ssDNA in a cooperative way with little sequence specificity and by doing 
so protect the DNA against degradation or to prevent the formation of secondary structure. 
But the proteins also differ greatly. They have different oligomeric states and they also have 
very different binding modes and bind to nucleic acids of very different sizes with different 
levels of cooperativity. Despite these differences the proteins have a similar fold, but no 
conclusion could be drawn on the question whether they have a common ancestor.
Proteins using a ß-sheet binding site have not been studied so widely as proteins that use a- 
helices to bind to nucleic acids. But more and more ß-sheet proteins have been studied 
biochemically and structurally during the time of the work on this thesis. There are a few 
protein families known that use a ß-sheet surface, for example the KH family (K 
homology motif, Siomi et al., 1993) (interesting reviews of different ß-sheet using families: 
Kneale, 1992; Pabo & Sauer, 1992; Mattaj, 1993; Burd & Dreyfuss, 1994; Suzuki, 1995; 
Graumann & Marahiel, 1996; Draper & Reynaldo, 1999; Suck, 1999). The most studied is 
the ribonucleoprotein fold (RNP-fold), which has a ß aß ß aß  topology and forms a four 
stranded ß-sheet packed against two perpendicular oriented a-helices, see Figure 4A 
(relevant reviews of the RNP-fold family: Kenan et al., 1991; Wolin & Walter, 1991; 
Dreyfuss et al., 1993; Burd & Dreyfuss, 1994; Nagai et al., 1995; Tarn & Steitz, 1997; 
Staley & Gurthrie, 1998). The fold contains two RNA-binding motifs on the adjacent ß1 
and ß3 strands in its four-stranded ß-sheet surface, RNP-1 and RNP-2 (c.f. Figure 4B, 
reviewed by Mattaj & Nagai, 1995). The ribonucleoprotein domain is often found in RNA-
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Figure 4: A) Structure o f the protein U1A (Nagai et al., 1990) given in a ribbon diagram 
representation. U1A is a well-studied example o f a RNP-fold containing protein and is involved in 
splicing. In U1A, the two RNA-binding motifs, RNP1 and RNP-2 consist o f the following residues, 
Arg49-His50-Asp51-Ile52-Ala53-Phe54-Val55-Glu56-Phe57 and Leu16-Phe17-Leu18-Thr19-Asn20-Leu21, 
respectively. The residues in bold are depicted as black sticks. The secondary structure is ß1-a1- 
ß2-ß3-a2-ß4. B) Consensus sequences o f RNP-1 and RNP-2 o f the RNP-fold family (Bandiziulis et 
al., 1989; Inouye et al., 1997) C) 3D structure o f U1A (tube-representation in gray) complexed to 
its target RNA-hairpin (stick representation in black) (Oubridge et al., 1994).
binding proteins involved in RNA processing and transport. Residues in the loop 
connecting ß 2 and ß3 and close to the C-terminus of the domain in RNP fold proteins 
determine the specificity of RNA-binding (Burd & Dreyfuss, 1994). RNA is bound on a ß- 
sheet surface so that the RNA is still accessible for interaction with other proteins (Görlach
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et al., 1992, see Figure 4C). Mattaj & Nagai, 1995, made a comparison between the 
function and RNA-interaction mode of RNA binding proteins, RNP fold proteins.
Spatial conservation of the RNP-motifs on the RNP-fold and the OB-fold proteins 
has been suggested (Schindelin et al., 1993; Mattaj & Nagai, 1995; Manival et al., 2001). In 
literature, several authors have proposed an evolutionary relationship between the two 
folds. They compared the proteins whose structures where known at the time, for example, 
the gene V proteins of bacteriophages M13 and Pf3, the gene 32 protein of the T4 
bacteriophage, CspA of Escherichia coli, topoisomerase I of E. coli, the human replication 
protein A (RPA) and some RNP-fold proteins as the human small nuclear ribonucleoprotein 
(snRNP) U1A (Nagai et al., 1990; Newkirk et al., 1994; Schindelin et al., 1994; Folmer et 
al., 1995; Prompers et al., 1995; Shamoo et al., 1995; Yu et al., 1995; Bochkarev et al., 
1997). For example, Draper & Reynaldo, 1999 proposed that there is a similarity between 
the OB-fold proteins and the RNP-fold proteins, since the two folds both use a patch of 
aromatic residues on the surface of a twisted ß-sheet to stack with single-stranded bases. 
But no further conclusions could be drawn on the possible (evolutionary) relationship 
between the two protein families.
Context and Outline of this thesis
The preceding paragraphs show that there are still many aspects of the function of 
the cold shock domain of the Y-box proteins that are not known. The question that we 
posed ourselves is: “what are the structural, dynamical and DNA-binding properties of the 
eukaryotic cold shock domain and how do they relate to those of the bacterial cold shock 
proteins and other proteins, like the OB-fold family members?”
To this end, we determined the solution structure of CSD of the human Y-box 
protein YB-1 by NMR and studied its functional properties in this thesis. It is for the first 
time that the structure has been determined of an eukaryotic domain related to the cold 
shock protein family. The structure and properties of the domain are also compared to other 
nucleic acid binding proteins and domains with the same fold.
In chapter 2 of this thesis, the chemical shift assignments and the extent of the 
assignment are given and the secondary structure of CSD is predicted based on the NMR 
results. Chapter 3 deals with the solution structure determination, using NMR. The DNA-
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binding properties of CSD studied with Surface Plasmon Resonance (SPR) and NMR are 
described in this chapter as well. Different probes were used to assess the strength of the 
DNA-protein interaction and to determine the specificity of the DNA-interaction of the cold 
shock domain. The structure and binding characteristics are compared with those of the 
bacterial cold shock proteins. Chapter 4 deals with the backbone dynamics of the native 
state of the CSD determined by NMR relaxation experiments. Native CSD proved to be in 
equilibrium with an unfolded state. With additional experiments, the properties of this 
equilibrium were determined. The stability of CSD has been compared with those of other 
small ß-barrel proteins. In chapter 5, members of the protein fold to which CSD belongs are 
superimposed structurally to see what they have in common in spite of their wide range in 
functions. We looked whether there is a general binding site and whether there is a common 
evolutionary ancestor. The protein family is also compared to a different nucleic acid 
binding fold, the RNP-fold, which has a binding motif also present in CSD to see whether 
these two folds are related.
Chapter 2 
Resonance Assignment and Secondary Structure of 
the Cold Shock Domain of the human YB-1 protein.
Cathelijne P.A.M. Kloks, Astrid Hoffmann, James G. Omichinski, Geerten W. Vuister, 
Cornells W. Hilbers and Stephan Grzesiek
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Biological context
The human protein YB-1 is a member of the family of Y-box proteins, which are 
highly conserved amongst eukaryotes and ubiquitous in nature. They have been found to 
interact with single- and double-stranded DNA and RNA, and are predicted to play a role in 
translational and transcriptional regulation (Wolffe, 1994) as well as germ cell-specific 
developmental regulation. The Y-box proteins consist of a Cold Shock Domain (CSD) 
flanked by an N- and a C-terminal domain. The CSD is thought to be responsible for 
selective binding of the protein to single- and double-stranded DNA containing the Y-box 
sequence, CTGATTGGCCAA, which is present in promoters of a variety of eukaryotic 
genes (Didier et al., 1988).
The Cold Shock Domain of Y-box proteins is extremely conserved; it is 90% 
homologous within the Y-box protein family and has a 43% homology with the prokaryotic 
cold shock proteins (Csps) (Schnuchel et al., 1993). The latter regulate the stress response 
in bacteria after exposure to a severe temperature drop. The Y-box CSD contains the RNA- 
binding RNP-1 and RNP-2 motifs that are also found in the Csps and the RNP-protein 
family.
The structure of two Csps, CspA of Escherichia coli and CspB of Bacillus subtilis, 
have been determined by NMR and X-ray diffraction (Schindelin et al., 1993; Schnuchel et 
al., 1993; Newkirk et al., 1994; Schindelin et al., 1994). Both proteins fold into a 5- 
stranded ß-barrel capped by an unstructured loop. This structure is similar to the so-called 
oligonucleotide/oligosaccharide binding (OB) fold (Murzin, 1993). Here, we report the 'H, 
13C and 15N resonance assignment and the secondary structure of the CSD of human YB-1.
Methods and Results
A DNA fragment encoding an N-terminal methionine followed by residue Lys52 to 
Gly129 of the cold shock domain of the human Y-box protein YB-1 was derived from a 
human cDNA library and amplified by polymerase chain reaction. The DNA product was 
subcloned into the Ndel and BamHI site of the expression vector pET11a (Novagene, 
USA). Protein expression from the pET construct in E.coli strain BL21(DE3) was induced 
by 0.5 mM IPTG for 3 hours. 15N and 13C labeling was carried out by growing the bacteria 
on minimal medium using 15NH4Cl, and 13C6-glucose as the sole nitrogen and carbon
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sources, respectively. Cells were lysed using a French press, and proteins were purified 
from the soluble extract by ion exchange and reverse phase chromatography. Three samples 
(U-15N 95% H2O / 5% D2O; U-13C, U-15N 95% H2O / 5% D2O; U-13C, U-15N 100% D2O) 
were prepared as 1.5 mM solutions at pH 6.7 without any further addition of salt.
The following NMR experiments, described in detail by Grzesiek et al. (1997), 
were recorded: 15N-HSQC, CBCA(CO)NH, CBCANH, HBHA(CCO)NH, C(CO)NH- 
TOCSY, H(CCO)NH-TOCSY, 15N-NOESY-HMQC, HNHA, HNCO, and 13C-NOESY- 
HMQC (description in Table 1 of Appendix 1). All experiments were recorded at 298 K, on 
a Bruker DMX 600 MHz spectrometer equipped with a 5mm triple-resonance, triple­
gradient probe. The data were processed using established protocols (Grzesiek et al., 1997) 
and the software package NMRPipe (Delaglio et al., 1995). Assignments were carried out 
with the peak-picking program PIPP (Garrett et al., 1991).
The sequential walk was made using data from the CBCA(CO)NH, CBCANH, 
HBHA(CCO)NH, HNHA, and 15N-NOESY-HMQC. The side chain assignment was 
completed using C(CO)NH-TOCSY and H(CCO)NH-TOCSY. The 3JHNHA coupling 
constants were calculated from the HNHA-spectrum using a 1.05 correction factor to 
account for the faster relaxation of the antiphase magnetization.
The data allowed the evaluation of secondary structural elements. Five ß-strands could be 
identified based upon the sequential NOEs, deviations of the 1Ha, 13Ca and 13Cß chemical 
shifts from random coil values and 3JHNHA coupling constants. The first ß-strand 
encompasses V4 to F16, the second G23 to N28, the third K31 to H37, the fourth E57 to 
G66, and the fifth G69 to T76. RNP-1 (residues N20 to R27) is located partly in the second 
ß-strand and RNP-2 (residues V34 to H37) in the third strand. In addition, analysis of cross­
strand Ha-HN and HN-HN NOEs yielded the topology of the ß-strands; a 5-stranded anti­
parallel ß-barrel. The barrel is closed by a parallel line-up of strands 3 and 5, as confirmed 
by strong HN-Ha-NOEs between residues A72 and E71, as well as V36 and F35. The ß- 
strands are connected by tight turns, except strands 3 and 4, which are connected by a long, 
apparently unstructured loop formed by residues Q38 to E57. Presumably due to local 
mobility, the intensities of the 15N-1H-resonances of the amino acids of this loop are low 
compared to those of the other residues. Figure 1 shows a summary of the NMR-data and 
the secondary structure.
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Figure 1: Summary o f heteronuclear, sequential, and cross-strand NOEs, 3JHNHa-couplings, and 
deviations from random-coil values o f the 1Ha, 13Ca, 13Cß chemical shifts as obtained for the cold 
shock domain o f YB1 as a function o f residue number. The secondary structure derived from these 
data is consistent with 5 ß-strands, as indicated. Filled ellipses in the ß-strands indicate the 
positions o f the bulges. Cross-strand NOE connectivities are indicated by residue numbers. Italic 
numbering indicates potential NOEs obscured by overlap.
The topology of CSD of YB-1 is similar to that of the cold shock proteins CspA 
and CspB, and therefore similar to that of the common OB-fold. The two ß-bulges found in 
this folding motif are also present in the CSD of YB-1 at residue K14 and W15, and at N74. 
In addition, a third ß -bulge was found in YB-1, namely at T7 and K8. The first ß-strand of 
YB-1 is longer than in CspB and CspA. The extra bulge at residues 7 and 8 in YB-1 allows 
strand 1 to extend the ß-sheet with strand 4. The NOE-patterns clearly show that this sheet 
is present (Figure 1). In YB-1, the loop between ß-strand 3 and 4 is four residues longer 
than in the Csps. Just as in CspA and CspB, this loop seems to be unstructured in YB-1, 
whereas in the common OB-fold this region forms an a-helix. Residues, comprising the 
nucleic acid binding site in the cold shock proteins, are conserved in YB-1. In all, we 
conclude that the Cold Shock domain of YB-1 adopts the OB-fold.
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Extent of assignments and data deposition
Most residues were fully assigned, with exception of the aromatic and amide side 
chain resonances. For the residues M1, K14, and N17 no assignments could be obtained. In 
addition assignments of the HN and N are missing for K2, W15, Y22, and N44, whereas 
side chain assignments for V13 and K43 are lacking. At the moment 91% of all 1H, 15N, 
and 13C backbone nuclei and 60% of all side chain nuclei are assigned.
These 1H, 15N, and 13C chemical shifts of the Cold Shock Domain of human YB-1 
(corresponding to residues 52 to 129 in the original YB-1) recorded at 298 K, pH 6.7 have 
been deposited at BioMagResBank (http://www.bmrb.wisc.edu) under BMRB accession 
number 4147 (see also Table 2 in Appendix 1).
Chapter 3 
The solution structure and DNA binding properties of 
the cold shock domain of the human Y-box protein 
YB-1
Cathelijne P.A.M. Kloks, Christian A.E.M. Spronk, Edwin Lasonder, Astrid Hoffmann, 
Geerten W. Vuister, Stephan Grzesiek, Cornelis W. Hilbers
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Abstract
The human Y-box protein 1 (YB-1) is a member of the Y-box protein family, a 
class of proteins involved in transcriptional and translational regulation of a wide range of 
genes. Here, we report the solution structure of the cold shock domain (CSD) of YB-1, 
which is thought to be responsible for nucleic acid binding. It is the first structure solved of 
an eukaryotic member of the cold shock protein family and consists of a closed 5-stranded 
anti-parallel ß-barrel capped by a long flexible loop. The structure of CSD is similar to the 
OB-fold and a comparison with bacterial cold shock proteins shows that its structural 
properties are conserved from bacteria to man. Our data suggest the presence of a DNA 
binding site consisting of a patch of positively charged and aromatic residues on the surface 
of the ß-barrel. Further, it is shown that CSD, which has a preference for binding single 
stranded pyrimidine-rich sequences, binds weakly and hardly specifically to DNA. Binding 
affinities reported for intact YB-1 indicate that domains other than the CSD play a role in 
DNA binding of YB-1.
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Introduction
The human Y-box protein 1 (YB-1) is a member of the Y-box protein family. 
Proteins of this family are active as transcriptional and translational regulators for 
messenger RNA and for a wide range of genes that contain the Y-box sequence (5’- 
CTGATTGGCCAA-3’) in their promoters (reviewed by M. Ladomery, 1997). The Y-box 
proteins were first identified and isolated by binding to a DNA probe containing the Y-box 
sequence (Dorn et al., 1987). It has been demonstrated that binding of the Y-box proteins to 
the intact Y-box sequence involves specific interactions (Didier et al., 1988). Subsequent 
binding studies have shown that the Y-box proteins can bind to a whole range of nucleic 
acids, namely single stranded DNA (ssDNA), RNA, damaged DNA, RNA and even triple 
stranded DNA (Koike et al., 1997; Horwitz et al., 1994). Although no consistent picture 
emerged from the different binding studies, it appears that Y-box proteins have a preference 
for binding single stranded DNA, especially when it contains the Y-box sequence (Tafuri & 
Wolffe, 1992). Further, evidence exists that Y-box proteins have a preference for binding 
pyrimidine rich DNA sequences (Wolffe, 1994a).
The Y-box proteins are generally composed of 3 domains: a variable N-terminal 
domain, the cold shock domain (CSD) and a C-terminal domain (cf. Figure 1a). The 
function of the variable N-terminal domain is not known at present. The C-terminal domain 
consists of alternating regions with basic and aromatic amino acids of approximately 30 
residues each (Murray et al., 1992). It facilitates RNA-binding and is involved in protein­
protein interaction (Bouvet et al., 1995). Thus, the C-terminal domain is part of the 
dimerisation site of the Y-box proteins (Tafuri & Wolffe, 1992; Murray et al., 1992) and it 
is essential for the formation of the messenger-ribonucleoprotein (mRNP) particles in 
which mRNA is stored (Matsumoto et al., 1996).
The central cold shock domain is highly conserved within the family of Y-box 
proteins, having 93% sequence identity (Figure 1b). It contains two RNA binding motifs, 
designated RNP-1 and RNP-2 (boxed in figure 1b) (D. Landsman, 1992). The domain is 
involved in specific (Bouvet et al., 1995) and non-specific RNA binding (Tafuri & Wolffe, 
1993a) and in specific single-stranded DNA binding (Tafuri & Wolffe, 1992). The non­
specific RNA binding occurs during the packaging of mRNA in maturing germ cells. 
Specific RNA binding has been proposed to take place in the nucleation process during the 
assembly of the mRNP particles (Bouvet et al., 1995; A.P. Wolffe, 1994b). The specific
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Figure 1: a) Domain structure o f Y-box proteins. The variable N-terminal (V) domain and the cold 
shock domain (CSD) are indicated in dark gray and black, respectively. The C-terminal domain 
consists o f acidic (A) and basic (B) blocks o f about 30 amino acids each, which are indicated with 
different shades. b) Sequence alignment o f the cold shock domains o f eukaryotic Y-box proteins and 
prokaryotic CSD-relatedproteins with the human YB-1 cold shock domain. The RNA binding RNP-
1 and RNP-2-like motifs are in the gray boxes. Identical residues are depicted in black, homologous 
residues are underlined and in dark grey. Differences in conservation o f residues between 
prokaryotes and eukaryotes are marked by arrows. Note that the first 5 N-terminal residues 
(MKKVI) o f the eukaryotic CSDs have been omitted. The following abbreviations are used, Dbp: 
DNA binding protein, EF: elongation factor.
ssDNA-binding properties of the CSD are required for the binding of Y-box proteins to 
specific single stranded parts of promoters, which thereby affect the binding of other 
transcription factors and induce transcription (MacDonald et al., 1995).
The sequence of CSD is similar (43% sequence identity) to bacterial cold shock 
proteins (Csps) (Wolffe, 1994a) (Figure 1b). These latter proteins are involved in the 
process in which the cell growth of bacteria is resumed after they have been exposed to a
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serious temperature drop (reviewed by Jones & Inouye, 1994 and A.P. Wolffe, 1995). CSD 
is predicted to have a similar fold as these Csps, commonly denoted as the 
Oligonucleotide/Oligosaccharide fold (OB-fold) (Murzin, 1993).
We have determined the solution structure of the cold shock domain of the human 
Y-box protein YB-1 by high-resolution NMR-spectroscopy. In addition, we have 
investigated the single stranded DNA binding properties of this domain and made a 
comparison with those of the intact YB-1 protein.
Table 1: Structural statistics.
Structural statistics*
Averaged rmsd from distance restraints [Â] 0.043
rmsd from experimental torsion angle restraints [deg.] (34 9 , 25 y) 0.6
number of distance restraints per core residue* 7.3
number of distance restraint violations > 0.55 Â 0
number of torsion angle restraint violations > 0.5° 0
average rmsd deviations from idealized covalent geometry
bonds [Â] 0.0040
angles [deg.] 1.36
impropers [deg.] 2.45
Atomic rmsd differences versus average structure [À]
heavy atoms of core 1.59
backbone of core 0.86
heavy atoms all residues 2.90
backbone all residues 2.04
Ramachandran region population (%) for non-glycine, non-proline residues
Most favored regions 75.6
Additionally allowed regions 22.1
Generously allowed regions 2.1
Forbidden regions 0.2
*: core residues (5-41, 57-77) used to superimpose the structure ensemble.
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Results
NMR resonance assignments and structure calculations
In addition to the NMR resonance assignments reported previously (Kloks et al., 
1998), 85 new assignments were made in order to determine the structure of the YB-1 cold 
shock domain. This was achieved by iterative analysis of the NOE- and ROE-experiments 
and further analysis of the previously described triple resonance experiments. Additional 
aromatic and methyl group assignments were obtained from 15N-filtered TOCSY and 
constant time HSQC experiments, respectively. Although the process of assigning was 
seriously complicated due to denaturation and an equilibrium between folded (60%) and 
unfolded (40%) states of the protein, it was possible to assign 91% of all *H, 15N and 13C 
backbone- and 84% of the side chain nuclei of the folded state. Folded and unfolded states 
were distinguished by combining the NOE- and ROE data.
Figure 2: Topology o f the ß-barrel o f YB-1 CSD. Observed NOEs typical o f an anti-parallel ß-sheet 
are indicated as solid arrows and in case o f overlap as dashed arrows. Hydrogen bonds are 
indicated by striped bars. Residues that could not be observed in (1H,15N)-HSQC spectra are in 
gray boxes, prolines are depicted in gray ovals. The ß1 to ß5 sheets comprise residues 3-17, 22-28, 
31-37, 57-66 and 69-76, respectively. ß-Bulges are present at residues 7-8, 14-15 and 73-74. 
Strand 5 is repeated at the bottom to illustrate the parallel closure o f the barrel.
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The total amount of restraints that could be derived is rather low due to the lack of 
resonance assignments for the region comprising residues 42 to 56, which are part of a 
flexible loop (see below), overlap and the equilibrium mentioned above between folded and 
unfolded states. Finally, a total of 470 distance restraints (of which 124 sequential, 26 
medium range and 133 long range) and 59 backbone-torsion angle restraints were used to 
calculate the structures of the CSD (See Table 1 and materials and methods for further 
details).
Figure 3: a) Ribbon diagram o f the lowest energy structure o f CSD b) Ensemble o f 10 refined 
structures superimposed for residues 6-13, 23-41, 57-65 and 69-77. Flexible loops are indicated in 
gray (ß3-ß4 and ß4-ß5) and white (ßl-ß2). The loop ß2-ß3 (same color as core) is fixed with 
respect to the core. N- and C-termini are shown in black, respectively.
Description of the structure
We found that CSD folds into a 5-stranded anti-parallel ß-barrel (Figures 2, 3). 
The ß-barrel, which forms the well-defined part of the protein with a backbone rmsd of
0.86 Â, is closed by a parallel line-up of strand ß3 and ß5. The connections between the
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different ß-strands consist of three tight type-I turns (ß1- ß2, ß2- ß3 and ß4-ß5) and a loop 
(ß3- ß4). Although the local structure of all three turns is well determined by the NMR- 
data, only turn ß2-ß3 is fixed with respect to the barrel (Fig. 3b). In contrast, turns ß 1-ß2 
and ß4-ß5 can adopt different orientations with respect to the core of the protein. For turn 
ß 1-ß2 the absence of 15N-Hn resonances of residues Lys14, Trp15, Asn17, Val18, and Tyr22 in 
the NMR-spectra, as well as relaxation data of the surrounding residues (data not shown), 
indicate that this is due to hinge-motions at the ends of the turn (residues 15 and 23). For 
turn ß4-ß5 a similar hinge motion, suggested by the relaxation data (data not shown), is 
present, involving residues 66 and 69.
The long loop between strands ß3 and ß4 is ill defined, except for a 310-helix turn 
at the C-terminal end of ß3 (Fig. 3a). Most Hn-N resonances of residues in this loop are not 
visible in the NMR-spectra, which is probably due to unfavorable exchange rates of the 
amide protons. Residues in the loop for which the 15N-Hn groups could be assigned show 
increased flexibility in relaxation experiments (data not shown).
DNA binding
In order to probe the binding interface of CSD, it was titrated with the core of the 
Y-box sequence, the single-strand DNA pentamer, 5'-ATTGG-3'. During the titration 15N- 
HSQC NMR-spectra were used to monitor chemical shift changes in CSD upon DNA 
binding. As can be seen in figure 4a, increasing DNA concentrations cause a gradual shift 
of the 15N-1H cross peaks, indicating a fast chemical exchange between the free and bound 
state on the NMR time-scale. The largest changes in 15N-1H chemical shifts are observed 
for backbone resonances of residues Lys8, Thr12, Phe16, Arg19, Asn20, Gly23 - Ile25, Asp33, 
Phe35 - Thr39, Leu50, Lys58, Val64, Gly66, Lys68, Gly69 and Glu71, and for the side chain 
resonances of Trp15 and Gln38, indicating that these residues are in close proximity to the 
nucleic acid or that their chemical shifts are affected indirectly by the interaction. We have 
determined the dissociation constant KD from the 15N-1H proton chemical shifts as a 
function of the amount of added equivalents of DNA, as exemplified for residue Trp15 and 
His37 in Figure 4b and c. From the results, we estimate that KD for the protein-DNA 
complex is in the order of 10-4 M, assuming a 1:1 binding stoichiometry
Structure & DNA binding o f CSD 47
a
HN(Ppm)
b
c
e
d
f
For Figure caption, see next page.
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Figure 4: a) Overlay o f a small region o f four 15N-HSQC spectra recorded upon addition o f 0, 0.5, 
1, and 2 molar equivalents single stranded DNA (sequence ATTGG), respectively. The arrows 
indicate the direction o f the shift starting from zero to two equivalents o f DNA. b) Plot o f the His37 
amide proton shift as a function o f the molar equivalents o f DNA added. The drawn line represents 
the best-fit binding isotherm, which was obtained assuming the binding o f one DNA molecule per 
protein (see text). c) Similar as figure 4b, but now for  the Trp15 He-proton shift. d) Secondary 
structure representation o f CSD. Residues with side chains in the barrel interior are shown in white 
boxes, and residues with solvent exposed side chains are colored gray. Residues with a chemical 
shift change o f more than 0.1 ppm (calculated according to the Pythagoras equation:
^0 .5  ^  0.2 (  15N  )  + (  1H  )  (Pellencchia et al., 1999)) are indicated in underlined italics. The
residues that are proposed to bind to ssDNA based on their large chemical shift are depicted in the 
black boxes and the additional residues proposed to bind are given in the shaded boxes (see text). 
e) Observed chemical shift changes o f backbone 15N-1H  resonances upon addition o f 2 equivalents 
o f DNA, as calculated above. Indicated are residues with calculated changes in chemical shifts 
above 0.1 ppm and having solvent exposed side chains. Positively charged or aromatic residues are 
indicated in black and the others in dark gray. f)  Proposed DNA binding site o f CSD comprising 
residues Trp15, Arg19, Phe24, Phe35 and Lys68 (black). Residues Lys14 and Tyr22, which are likely to 
be involved in DNA binding but unobservable in 1H-15N-HSQCs (see text), are indicated in gray.
To define the DNA binding site and the residues involved in the binding, we first 
considered the residues showing shifts of their 15N-1H amide resonances and belonging to 
the barrel. Most of the affected residues belong to the RNP-1 and RNP-2 motifs on 
respectively ß2 and ß3, or are on the strand neighboring these RNA-binding motifs. They 
are clearly present in different layers of the ß-barrel (see figure 4d). They were divided into 
two classes, those for which the side chains are situated in the interior of the barrel and 
those for which the side chains are protruding into the solution (Fig. 4d,e). Only the side 
chains of the latter class can interact with the DNA. Based on the changes in chemical shift 
upon DNA-binding, we expect that the DNA binding site comprises residues Trp15, Phe24, 
Phe35 and His37 (Figure 4f). Although we are unable to observe their 15N-HN-backbone 
resonances, Lys14 and Tyr22 are also likely to be part of the binding site, having surface
Structure & DNA binding o f CSD 49
exposed side chains and being close to many residues that show changes upon DNA- 
binding. Interestingly, large changes in chemical shifts in the aromatic ring of Trp15 are 
observed that suggest appreciable stacking with bases of the DNA, analogous to base­
aromatic ring interactions in other ssDNA binding proteins (e.g. bacteriophage gene V 
proteins (Alma et al., 1982) and RPA (Bochkarev et al., 1997)). The positively charged 
residues Arg19 and Lys68 also show a large chemical shift change and may be involved in 
binding by functioning in anchoring the ssDNA to the CSD. Finally, we note that Lys8 
shows a large shift in the NMR-titration, but we do not understand the reason for this shift, 
since the residue is situated at the opposite side of the binding site on the ß-barrel surface. 
Summarizing, we conclude that with the exception of Lys8 all residues that show large 
chemical shift changes upon DNA binding are located between the ß 1-ß2 and ß4-ß5 turns.
We further investigated the DNA binding by CSD using surface plasmon 
resonance (SPR). Four sequences, namely a Y-box containing sequence (sequence 1), a 
pyrimidine-rich sequence (sequence 2) and two control sequences (sequence 3 and 4), were 
used (Figure 5a). A superposition of 10 real-time SPR response curves recorded at different 
concentration of CSD is shown in Figure 5b. The steady state values are reached too rapidly 
(namely within less than 5 seconds) to determine on- and off rates. Binding constants were 
therefore determined by steady-state kinetics. To a first approximation, the binding 
constants can be derived based on the assumption that each DNA molecule carries a 
number of independent binding sites. In this situation the
relationship — = — 1---- 1--------1------  is applicable, where R is the steady state value of theP  P  Xf P O  L L 7 JIN- -^ max lvArxvmax
response functions at a particular CSD concentration, P, and Rmax is the maximum response 
obtained at CSD concentrations leading to saturation of the available binding sites. Thus,
for this situation, a linear correlation between 1/R and 1/P is expected. Indeed, for sequence
1, 2 and 4 such a linear relationship is found as shown for sequence 2 in figure 5c. In the 
case of sequence 3, binding turned out to be too weak to be studied by SPR with the 
concentrations of CSD available. This can be explained by the formation of double stranded 
structures, which were found for sequence 3 by optical melting experiments (data not 
shown). In Table II, the equilibrium constant KD, the number of CSD molecules per DNA 
molecule and Rmax have been tabulated for the different sequences, showing that the
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Table 2: Binding properties o f the different oligonucleotide sequences studied. Column 1 
lists the sequence numbers as indicated in Figure 5. Sequence 5 (ATTGG) was used in the 
NMR-titration (see text). The length o f the sequence, the ratio between the pyrimidine and 
purine bases, the number o f the individual bases A, G, C, T and the state o f the DNA 
strands (i.e. single stranded (ss) or double stranded (ds)) as determined by optical melting 
point measurements are given in the following columns for the 4 sequences used in the 
SPR-experiments. KD and Rmax are average values with estimated uncertainties o f 50% and 
10%, respectively. The stoichiometry o f the interaction is given in the last column.
Sequence length Pu:Py A G C T state Kd[^M] Rmax[RU] n
1 34 1.13 7 11 7 9 ss 93 477 4.0
2 26 0.08 2 0 20 4 ss 1.5 396 2.3
3 20 1.86 4 9 5 2 ds * - -
4 19 1.11 6 4 4 5 ss 52 326 1.4
5 5 1.50 1 2 0 2 - 100 - 1
*: To weak to determine
Y-box containing sequence 1 and sequence 4 bind weaker to CSD, with a KD almost two 
orders of magnitude larger, than the pyrimidine rich sequence 2. The number of proteins
bound to one DNA molecule follows from: n = ------Rmax /M W  CSD------ . in thisRU DNAbound / MW DNA
formula, MW CSD and MW DNA stand for the molecular weight of CSD and the DNA- 
sequence, respectively, and RU DNAbound stands for the number of response units of DNA 
coupled to the used flow cell.
Discussion
Here, we have shown that the cold shock domain of YB-1 adopts a 5-stranded anti­
parallel ß-barrel structure. Its structural characteristics are very similar to proteins of the 
OB-fold family, with five ß-strands and a shear number of 8 (Murzin, 1993). A notable 
difference with respect to most OB-fold proteins is that CSD contains an extra ß-
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Figure 5: a) The four single stranded DNA sequences used in the SPR-experiments. Sequence 1 
contains the Y-box sequence (in rectangle, with the core o f the Y-box sequence in black). Sequence 
2 represents the pyrimidine-rich probe. Sequence 3 and 4 are sequences that serve as a control for  
aspecfic DNA binding. Sequence 3 contains a mutated version o f the core o f the Y-box sequence 
(mutation indicated by gray oval) and sequence 4 contains two TATA sequences (in rounded boxes) 
and also a mutated version o f the core o f the Y-box sequence. b) Superposition o f 10 real-time 
surface plasmon resonance (SPR) response curves representing the interaction o f different 
concentrations o f CSD with 160 RU immobilized biotinylated DNA (sequence 4 o f Figure 5) The 
arrow indicates increasing concentrations o f CSD at the steady state values o f the response curves 
in the solution that flows past the chip surface. c) The linear relationship between the inverse value 
o f the SPR steady state response values, R, in the SPR-experiment for sequence 2 o f Figure 5 and 
the inverse protein concentration, P. The straight line represents the linear f i t  to the data
conc
bulge at Thr7 and Lys8 (in addition to the bulge at Lys14 and Trp15 generally found in OB- 
folds) that allows the relatively long ß 1 to follow the curvature of the barrel.
The N-terminal part of CSD and the loop between ß3 and ß4 are appreciably 
longer than the corresponding parts in the bacterial cold shock proteins, CspA of E. coli 
(Schindelin et al., 1994; Newkirk et al., 1994), and CspB of B. subtilis (Schindelin et al.,
52 Chapter 3
1993; Schnuchel et al., 1993). In CSD and these bacterial proteins, the ß3-ß4 loop is largely 
unstructured, except for a single 310-helix turn at the start of the loop. Moreover, unlike in 
many other OB-fold proteins, it does not contain an a-helix. At this point, the functional 
role of this long loop is not clear, although it might be a scaffold to orient the DNA binding 
wing ß 1-ß2 as in the single stranded DNA binding gene V proteins of bacteriophages M13 
and Pf3, where it probably serves to guide the orientation of the DNA binding wing, ß 1-ß2 
(Rietman et al., 1996). In this respect, it is interesting to note that Leu50, which is located in 
the center of the loop and surrounded by three positively charged and one aromatic residue, 
shows significant changes in chemical shifts upon DNA binding indicating that the loop is 
influenced by DNA binding, although it is not part of the binding site situated between 
loops ß 1-ß2 and ß4-ß5 (Figure 4d,e). This ssDNA-binding site between these loops, 
involving aromatic and positively charged residues of the RNP-1 and RNP-2 motifs, is 
highly similar to that found in CspA and CspB (Schindelin et al., 1993; 1994; Schnuchel et 
al., 1993; Newkirk et al., 1994). Also, Arg19 in the loop between ß1 and ß2 is involved in 
interaction with ssDNA. In the corresponding loop of the M13 gene-V protein, an arginine 
residue (Arg21) is found in a similar position and also this arginine is involved in DNA 
interaction (van Duijnhoven et al., 1990). Interestingly, mutation of this residue leads to a 
temperature sensitive mutant. Mutation studies of this residue in CSD might therefore be 
very interesting indeed.
From our DNA-binding studies, it is clear that the DNA binding by the cold shock 
domain alone is not very strong (KD amounts to 10-5 to 10-6 M). The affinity of CSD for the 
Y-box sequence is in the same order of magnitude as the affinities for binding to the control 
sequence 4 in the SPR experiment and the pentamer used in the NMR titration experiments. 
Moreover, the number of proteins bound per DNA molecule seems directly related to the 
length of the probes. Although these data indicate that binding of CSD to the Y-box 
sequence occurs in an aspecific manner, contrary to what has been found for intact Y-box 
proteins, we do observe a preference of CSD for interacting with ssDNA and increased 
Py:Pu-ratios.
In our treatment we assumed that the binding sites on the DNA are independent, 
which is supported by the linear relationship found between 1/R and 1/P. This implies that 
there is no cooperativity in binding. This corresponds nicely with the binding behavior of
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the gene V protein of bacteriophage M13 that shows high cooperativity for long ssDNA- 
chains, while this factor is two orders of magnitude smaller, if not equal to one, for 
oligonucleotides with a length comparable of the DNA used in our study (Bulsink et al., 
1986). We estimate the number of nucleotides per cold shock domain to be roughly 
between 7 to 12. For CspB of B. subtilis, it was found that for binding to a 23-mer ssDNA 
where each protein covered 6 to 7 nucleotides (Lopez et al., 1999; Kremer et al., 2001).
The preference of CSD for binding pyrimidine-rich sequences was found for other 
ssDNA binding proteins as well (Bulsink et al., 1985) and might be related to the influence 
of stacking interactions. Protein binding to pyrimidine-rich ssDNA would not require 
unstacking of the bases in contrast to purine-rich DNA and would be energetically more 
favorable (Bulsink et al., 1985). The presence of stacking interactions in the CSD-DNA 
complexes is indicated by large changes in chemical shift of the aromatic ring protons of 
Trp15 in the NMR titration experiment. In all, we surmise that the interaction between CSD 
and ssDNA is mainly governed by non-specific, for a large part electrostatic, interactions. 
In addition, stacking interactions are present.
The weak interactions and the apparent absence of highly specific interactions 
between CSD and the Y-box sequence confirm previous findings that the flanking domains 
of CSD in intact YB-1 play an important role in nucleic acid binding. DNA-binding studies 
on Y-box proteins indicated that, although CSD on its own is sufficient to bind to ssDNA, 
the C-terminal domain facilitates ssDNA binding and is needed for strong interaction6,31,32 
Intact Y-box proteins, such as FRG Y-proteins (Tafuri & Wolffe, 1992), chkYB-1 and 2 
(Nambiar et al., 1998a,b), mRNP3+4 (M.T. Murray, 1994) and the human dbpA/B protein 
(Horwitz et al., 1994), which are highly homologous to the human YB-1 protein, bind the 
Y-box sequence with dissociation constants of 10-7 to 10-9 M, whereas for CSD alone, KD is 
10-4 to 10-6 M. Possibly, these flanking domains are involved in additional interactions with 
ssDNA or provide extra stability of the CSD domain, resulting in a tighter binding.
Materials and Methods
NMR Spectroscopy and structure calculations
Uniformly {13C,15N}-labeled and 15N-labeled NMR-samples were prepared as 
described previously (Kloks et al., 1998). The samples consisted of 0.5 to 1.5 mM protein 
(MW 8740 Da) in 250 ^l 95% H2O / 5% D2O or 100% D2O at pH 6.7 in Shigemi-tubes. All
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NMR-experiments were recorded at 298 K on Bruker DRX 600 MHz and Varian 
Unity/nova spectrometers operating at 500 and 750 MHz. Spectra were processed using 
nmrPipe (Delaglio et al., 1995) and assigned using PIPP (Garrett et al., 1991). 15N-filtered 
TOCSY (Whitehead et al., 1997) and constant time HSQC experiments (Vuister & Bax,
1992) were used for additional assignment of aromatic and the methyl groups, respectively. 
Titration of the YB-1 CSD, monitored with 15N-HSQC-spectra, was performed by adding 0,
0.5, 1.0 and 2 equivalents of single-stranded 5’-ATTGG-3’ DNA (OliGold, Eurogentec) to 
a NMR sample containing 2.7 mg CSD.
Distance restraints for structure calculations were derived from 15N-NOESY- 
HSQC, 13C-NOESY-HSQC and 15N-ROESY-HSQC experiments with mixing times of 90, 
80, and 34 ms, respectively. NOEs resulting from spin diffusion were identified by careful 
inspection of the 15N-NOESY-HSQC and 15N-ROESY-HSQC experiments and not 
converted to distance restraints. After calibration against known distances in proteins the 
resulting distance restraints were classified into five classes having upper bounds of 3.3, 
4.0, 5.0, 5.5 and 7.3 Â. All lower bounds were set to 1.8 Â. Dihedral 9 - and ^-torsion angle 
restraints were derived from a 3D-HNHA-experiment (Vuister & Bax, 1993) combined 
with information from Ca and Cß chemical shifts according to the method described by 
Spera and Bax, 1991.
Initially 80 structures were calculated using the Torsion Angle Dynamics protocol 
in X-PLOR (Rice & Brünger, 1994; Stein et al., 1997; original reference A.T. Brünger,
1993) using the CHARMM19 force field including dihedral energy terms and starting from 
extended conformations. Subsequently, the 10 lowest energy structures were refined by 
restrained molecular dynamics for 35 picoseconds in a water box with 3 chloride counter 
ions using force field CHARMM22 in X-PLOR similar to the method described by Spronk 
et al., 1999. Analysis of structures was done using AQUA / PROCHECK-NMR and 
WHAT IF (Laskowski et al., 1996; G. Vriend, 1990, respectively).
Figures were generated using the program MOLMOL 2.6 (Koradi et al., 1996). 
The complete assignment of the protein including scalar couplings and relaxation times 
have been deposited at the BioMagResBank under accession number 4147 (updated since 
Kloks et al., 1998). All data have been submitted to the Brookhaven PDB under entry 
number 1h95.
Structure & DNA binding o f CSD 55
Surface Plasmon Resonance experiments
All SPR binding experiments were performed using a BiacoreTM 2000, using 
research grade CM5 chips. Chips and required chemicals EDC (N-ethyl-N- 
(diethylaminopropyl)-carbodiimide), NHS (N-hydroxysuccinimide) and ethanolamine were 
purchased from Biacore AB (Uppsala, Sweden), and streptavidin was purchased from 
Sigma. The 3'-biotinylated single stranded DNA sequences were purchased from Biolegio 
(Wijchen, The Netherlands), or were synthesized for us at the EMBL (Heidelberg, 
Germany).
In all experiments, PBS (phosphate buffer: 2.67 mM KCl, 1.15 mM KH2PO4, 8.06 
mM Na2HPO4), pH 7.3, 0.2379 M NaCl and 0.05% Tween20, was used as running buffer. 
A flow rate of 5 |jl/min was used unless stated otherwise. Approximately 10,000 RU 
Streptavidin was immobilized on each flow cell of a CM5 sensor chip by activating the chip 
surface with 75 |jl EDC/NHS (1:1) and subsequent coupling with 50 |J.g/ml streptavidin in 
10 mM sodium-acetate buffer pH 5.0 for 24 minutes (Johnsson et al., 1991). 1 M 
ethanolamine at pH 8.5 was added for 15 minutes to deactivate the surface, followed by a 
regeneration step of 15 |jl 0.1 mM NaOH. At least one flow cell was only coupled with 
streptavidin to serve as a reference channel. Biotinylated DNA was added to obtain the 
required immobilization level, followed by a regeneration step with 15 |jl 0.1 M NaOH. 
Regeneration of the chip between experiments was performed in the same way with 0.1 M 
NaOH.
Possible non-specific binding of CSD to the chip was checked using two types of 
sensor surfaces. First, the protein was allowed to bind to a new untreated CM5 chip, which 
showed that CSD binds non-specifically to the chip. Secondly, the protein was tested for 
binding to a CM5-chip occupied by streptavidin. This showed that CSD did not bind to the 
chip that was coupled to a very high degree of streptavidin (approximately 10,000 RU).
The flow cells contained approximately 160 RU biotinylated DNA of each 
sequence. Note: 1 RU response corresponds with 1 x 10-12 g/mm2 protein or DNA on the 
surface (Persson et al., 1997 and references herein). For sequence 1, 3 and 4, twelve 
concentrations CSD in the range from 2.4 mg/ml to 0.024 mg/ml in running buffer, were 
used to measure the binding kinetics for 5 minutes at rate 50 ^l/min at 25 °C. CSD binding 
to sequence 2 was measured with concentrations ranging from 0.024 mg/ml to 0.001 
mg/ml.
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Chapter 4
Backbone dynamics and equilibrium between the 
native state and a second, partially folded state of the 
cold shock domain of the human Y-box protein YB-1
in solution
Cathelijne P.A.M. Kloks, Marco Tessari, Geerten W. Vuister and Cornells W. Hilbers
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Abstract
The backbone dynamics of the cold shock domain of the human Y-box protein 
YB-1 (YB-1 CSD) have been studied by nuclear magnetic resonance (NMR). The NMR- 
experiments revealed the presence of an equilibrium between the folded state of YB-1 CSD 
and a second state. The internal dynamics of both states and the exchange properties of the 
equilibrium have been determined and it appears that the second state has residual structure 
in some parts of the molecule, while it is largely unfolded in the remainder. The exchange 
rates from and to the folded state are in the order of 0.2 s-1 and 0.5 s-1, respectively. 
Although, the bacterial cold shock proteins are structurally similar to the YB-1 CSD, they 
show essential differences in their folding-unfolding rates compared to those observed for 
the human YB-1 CSD. In the bacterial cold shock proteins, folding is determined by 
topology, while this is not the case for YB-1 CSD.
The NMR experiments also show that the folded state of YB-1 CSD has increased 
flexibility in the nanosecond regime for loops connecting ß-strands ß 1-ß2 and ß4-ß5. The 
mobility of the loop connecting ß3-ß4 could not be assessed due to lacking resonances 
from this part of the molecule.
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Introduction
NMR relaxation measurements have gained a prominent position in studies of the 
internal mobility of bio-macromolecules (Palmer et al., 1996 and Palmer, 2001). The high 
spectral resolution of the modern NMR spectrometers combined with multi-dimensional 
heteronuclear techniques allows investigation of the relaxation behavior of individual 
groups or atoms in bio-macromolecules and thereby yield an unprecedented detailed picture 
of the dynamics of such molecules. The frequencies of the internal motions (including 
conformational changes) may vary considerably, i.e. from motions occurring in the second 
and milli-second up to the pico-second time scale. NMR relaxation experiments can be 
used to characterize these phenomena, although different NMR approaches are often 
required to determine the motions in the different frequency regions. Most frequently, 15N- 
Tj, 15N-T2 and hetero-nuclear NOE ({1H-15N}-NOE) experiments have been used to 
characterize the motion of the N-Hn amide groups of the protein backbone. Nano- to pico­
second internal motions can be sampled with these experiments.
Current approaches used to interpret the results of such measurements are the so- 
called model-free approach (Lipari & Szabo, 1982a,b) and the (reduced) spectral density 
mapping method (Peng & Wagner, 1992; Farrow et al., 1995a; Ishima & Nagayama, 
1995a,b; Lefèvre et al., 1996). The first method characterizes the internal motion in terms 
of an order parameter S2, which is a measure of the freedom of motion of a single atom or a 
group of atoms in a molecule. The second method provides the values of the spectral 
densities of the internal motions of an atom or a group of atoms at their respective Larmor 
frequencies. Exchange phenomena, like for example the exchange between different local 
conformational sites, are also reflected in the relaxation parameters. A particular form of 
conformational exchange, the transition between the folded and unfolded state of proteins, 
has so far received limited attention. The mixture of signals arising from the different forms 
complicate spectrum interpretation and often result in increased spectral overlap, which 
makes relaxation studies inherently more difficult. A well-known example is the N-terminal 
SH3 domain of the protein drk (drkN SH3), which exists in equilibrium between a folded 
and unfolded state in aqueous solution (Zhang et al., 1994; Farrow et al., 1995b; Farrow et 
al., 1997) Two other examples are the 131 residue-fragment of staphylococcal 
nuclease, A131A (Alexandrescu & Shortle, 1994; Zhang et al., 1997), and the peripheral
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subunit binding domain of pyruvate dehydrogenase multienzyme complex (Vugmeyster et 
al., 2000).
In this chapter, we describe the backbone dynamics of the cold shock domain 
(CSD), which is the central, nucleic acid binding domain of the human Y-box protein, YB-
1. Y-box proteins are involved in transcriptional and translational regulation. The general 
domain structure of this class of proteins is presented in Figure 1A, together with the 
consensus sequence of their cold shock domains. Previously, we derived the 3-dimensional 
structure of the YB-1 CSD (chapter 3, Kloks et al., 2002). The core of this domain consists 
of a 5-stranded, anti-parallel ß-barrel (Figure 1B,C) exhibiting a folding pattern 
characteristic of the oligonucleotide/oligosaccharide binding-fold (OB-fold) protein family 
(Murzin, 1993). Just like drkN SH3, the folded form of YB-1 CSD co-exists in a dynamic 
equilibrium with a second form, which proved to be largely unstructured (vide infra) and is 
therefore referred to as the unfolded form in the remainder of this chapter. Here, we 
investigate the relaxation properties of these two forms and the influence of the exchange 
on their relaxation parameters in order to obtain insight into their internal dynamics. The 
relaxation properties are compared with those of bacterial cold shock proteins (Csps) for 
which the three-dimensional structure and dynamics are known. Interestingly, the refolding 
process from the so-called unfolded state of the YB-1 CSD to its folded state is 
fundamentally different from the refolding process found for the Csps, while their 
structures are very similar.
Material & Methods
Samples
Uniformly 15N-labeled CSD-samples were prepared as described in Kloks et al., 
1998 (chapter 2). The NMR-samples consisted of 0.5 to 1.5 mM protein (79 residues, 
molecular weight 8740 Dalton) in 250 |jl 95% H2O / 5% D2O at pH 6.7 in Shigemi-tubes.
NMR experiments
The NMR-experiments were performed at 298 K, on a Bruker DRX spectrometer 
operating at 600 MHz (14.1 Tesla), and on Varian UnityInova spectrometers operating at
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N- V CSD B A B A B A B -C
Figure 1: A) General domain structure o f the Y-box proteins. V is the variable N-terminal domain, 
CSD is the cold shock domain, B and A are the basic and acidic blocks o f 30 amino acids long 
forming the C-terminal domain. The sequence o f  the cold shock domain is given including the 
position o f  the ß-strands (gray boxes), ß-bulges (gray ovals) and the 310-helix (boxed). B) Structure 
ensemble o f the cold shock domain (pdb-file 1h95) with different shading for the two termini and 
the loops connecting the ß-strands. C) Ribbon diagram representation o f  the first structure o f  the 
ensemble depicted in panel B shaded as a function o f  the number o f conformations assigned per 
residue. The numbering o f  the ß-strands is given in white.
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500 and 750 MHz (11.7 and 17.6 Tesla, respectively). Spectra were processed using 
nmrPipe (Delaglio et al., 1995) and assigned using PIPP (Garrett et al., 1991). The 
relaxation experiments were analyzed using the nmrDraw and NlinLS programs of the 
nmrPipe package.
Resonances of the unfolded state were assigned with the aid of a 15N-ROESY- 
HMQC experiment using a mixing time of 34 ms and with a 15N-HMQC-NOESY-HSQC 
experiment. Furthermore, the suite of experiments used in the analysis of the folded state 
(chapter 2 and 3) were also used to complete the assignment of the unfolded state.
15N-T1p and -T1 experiments were recorded at 11.7 and 17.6 Tesla. Furthermore, a 
{1H-15N}-NOE experiment was performed at 11.7 T. The spectra were recorded in three­
fold, for different relaxation periods in an interleaved fashion to check for reproducibility 
and were co-added before analysis. The T1p-values were corrected for the ^-contributions 
originating from the frequency offset. To access the effect of the exchange between the 
folded and the unfolded state on the relaxation parameters, an HSQC-exchange experiment 
(Wider et al., 1991) and a T1-exchange experiment (Farrow et al., 1994) were performed at
11.7 T and at 17.6 T, respectively. The relaxation periods used in all of these experiments 
are summarized in Table 1.
In addition, a 15N-HSQC was recorded of YB-1 CSD at 6 M guanidinium chloride.
Table 1: Relaxation periods used in the recorded relaxation experiments.
Experiment Field [Tesla] Relaxation period [ms]
T1 11.7 8, 64, 128, 256, 512, 1024
T1 17.6 8, 64, 128, 256, 512, 1024
T1P 11.7 8, 16, 32, 64, 96, 128
T1p 17.6 8, 16, 32, 64, 96, 128
T1 -exchange 17.6 16, 64, 96, 160, 208, 256, 384, 512, 768, 1024
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Data analysis
In the presence of exchange between a folded and unfolded state, the longitudinal 
relaxation (T1) can be described in general by the following expressions (Farrow et al., 
1994 and the references herein) based on the Bloch equations (Bloch, 1946):
dM zF
dt
dM
-  P F(M zF M zF) + k UFM zU k FUM zF
dt — p U(M zU M zU) + k FUM zF k UFM zU
(1)
(2)
with solutions:
M zf(Z)M zF(t) —  ^ ^   ^ ' {[-(p  F + k FU + K 2 )e ^  + (p F + k FU + ^1)^ ^ ]  +K1 — K 2
and
kFU[e^ - eK2t]}
(3)
M zU(t) — - - {[ (p U + k UF + K 2 )e 1 + (p U + k UF + K 1)e 2 ]—K 2
+ k UF(e K1t — e K 2t)}
(4)
The subscripts U and F refer to the folded and unfolded forms; in the derivation a two state 
equilibrium has been assumed between U and F. MzU(t) and MzF(t) represent the 
magnetization as a function of time, and MzU(z) and MzF(z) the initial magnetization at the 
start of the relaxation period of the unfolded and folded form, respectively. MzUz and MzFZ 
are the equilibrium magnetizations of the unfolded and folded form, respectively. The 
longitudinal relaxation rate constants of U and F are denoted by pu = 1/T1U=R1U and pF = 
1/T1F=R1F, respectively. Furthermore, kUF and kFU are the exchange rate constants for the 
transition from the unfolded to the folded and from the folded to the unfolded state, 
respectively. In addition, K1 and K2 are given by:
(pF + k FU + p U + k UF) ± V{(pF + k FU) (p u + k UF)} + 4kFUk UF K1,2 — ~ (5)
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To simplify analysis, the T1-exchange experiment as described by Farrow (Farrow 
et al., 1994) can be used. This experiment enables the direct observation of the conversion 
between the folded and unfolded state by the generation of exchange cross peaks. The time 
dependence of the intensity of these cross peaks corresponds to the last term of equations 3 
and 4. The expressions for the time evolution of the auto- and exchange cross peak 
intensities observed in a T1-exchange experiment (Farrow et al., 1994; Farrow et al., 
1995b) are highly analogous to the terms of equations (3) and (4):
M FF(t) — 7 * [—(pF + k FU + A2 )e 1 + (pF + k FU + A1 )e 2] (6)A 1 — A 2
M UU(t) — 7 * [—(p U + k UF + A 2 )e 1 + (p U + k UF + A1 )e 2] (7)A1 — A 2
MpU(t) — k ;UlMA(0 )(e *  — e * )  (8)A1 A 2
MUF(t) — í A MMA <0>(e V  — e A. ')  (9)
A1 A 2
Here, MFF(t) and MUU(t) represent the magnetization giving rise to the auto peaks while 
MFU(t) and MUF(t) give rise to the exchange cross peaks. MF(0) and MU(0) denote the initial 
longitudinal magnetization of the folded and unfolded state, respectively, at the start of the 
relaxation period. The T1-exchange experiment requires data analysis of both the auto and 
exchange cross peaks. The overlap and the relatively low signal-to-noise ratio of these 
peaks impose significant restriction on the number of residues that could be examined and 
on the precision of the derived parameters. In fact, only nine residues of YB-1 CSD were 
amenable to such an analysis. For short relaxation periods, the relaxation and exchange 
rates can be accessed directly by simplifying equations (6) -  (9) with an initial slope
approximation:
M FF(t) — — M f (0)(p f + kFU)t + M f (0) (10)
MUU(t) — —M u (0)(p u + k OT)t + M u (0) (11)
MFU(t) — kFuMF(0)t (12)
MuF(t) — kupM u(0)t (13)
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Since only nine residues could be studied with the approach described above, 
additional experimental data had to be used in order to access the internal dynamics of the 
folded and unfolded state of YB-1 CSD. For this, conventional T1 and T1p experiments 
were used. These experiments suffer less from the limited signal-to-noise ratio and spectral 
overlap as compared to the T1-exchange experiment.
For the two-state equilibrium considered, the decay curves of the conventional T1- 
experiment are generally bi-exponential, as described by the general equations (3) and (4). 
In our case, however, the experimental points are very well fitted with a mono-exponential 
curve. In order to see whether it is justified to use the results of the mono-exponential fit to 
get an indication of the values of the relaxation rates pF and pU, we analyzed our 
observation using numerical simulations. To this end, we simulated decay curves based on 
equations (3) and (4) and used realistic values of the parameters describing the equilibrium 
between the folded and second state of YB-1 CSD, based on the results of the T1-exchange 
analysis. The simulations showed that with our experimental conditions, the relaxation 
decay matches mono-exponential behavior closely. Given the experimental accuracy, this 
means that we can use the results of the mono-exponential fits to get an indication of the 
values of pF and pu.
Just as for the ^-experiment, mono-exponential fitting of the data is justified for 
T1p. The exchange rate is small compared to the transverse relaxation rates. Taken the 
experimental accuracy into account, we can use the standard expressions for the T1p decay, 
with R1p equal to 1/T1p.
The intensities of the NOE cross peaks can be influenced by the exchange between 
the folded and unfolded state. In the case of exchange, the ratio of the peak intensities of the 
15N-magnetization of the folded and unfolded state in the presence and absence of proton 
saturation, IFz(sat) and IFz(unsat), respectively (Farrow et al., 1995b) can be described by 
the following expression:
IFz (sat) — {p F +Q F(Y h / Y N) + a[p U +Q U(Y H / Y N)]} (14)
IFz (unsat) p F + k FU — a k ^
Here, oF and oU are the 1H-15N cross-relaxation rates in the folded and unfolded form, 
respectively. The constant a  is given by k FU /(p u + k UF) , and the yh and Yn denote the
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gyromagnetic ratios of 1H and 15N. Given the values derived for the exchange rates, it can 
be shown that for the folded state the effect of the exchange is negligible since a  is on 
average 0.1. In this case, Eq. 14 reduces to the standard expression for the steady state 
Overhauser effect. For the NOEs of the unfolded form, an expression similar to Eq. 14 can 
be derived. In this case, the relative magnitude of the exchange and relaxation rates 
prohibited the application of the simplifications.
The overall rotation correlation time of the folded form of YB-1 CSD was 
estimated by the method described by Fushman et al. (1994) using the results from the 
conventional relaxation experiments. The relaxation data obtained at 11.7 T were analyzed 
using reduced spectral density mapping (Lefèvre et al., 1996: Farrow et al., 1995a; Ishima 
& Nagayama, 1995a,b) using a home-written script.
Miscellaneous
The structures in Fig. 1 were produced by means of the program MOLMOL 2.6 (Konradi et 
al., 1996). The complete resonance assignment of spectrum of the folded domain as well as 
scalar couplings and relaxation times have been added to the BioMagResBank entry with 
accession number 4147. The chemical shifts and relaxation data of the unfolded state have 
been submitted under accession number 5076. The assignments can also be found in 
appendix 1 and the results from the conventional relaxation experiments in appendix 2.
Results & Discussion
Assignment
The cold shock domain consists of 79 residues. In solution, the folded and unfolded forms 
co-exist in a ratio of about 70% to 30%, respectively, as determined from their relative peak 
intensities. In previous papers (Kloks et al., 1998; Kloks et al., 2002) 67 out of 77 
backbone amide 1H and 15N resonances had been assigned for the folded state (see appendix 
1). In the present work, the assignments were extended with the backbone amide 1H and 
15N resonances originating from unfolded forms of the protein using a 15N-HSQC 
experiment (see Figure 2), a 15N-ROESY-HMQC experiment and a 15N-HMQC-NOESY- 
HSQC experiment. The resonance positions of the side chains of the second form were 
assigned using the three-dimensional experiments mentioned in Kloks et al., 2002. In total 
225 resonances of the backbone and side chains of the unfolded form could be identified
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Figure 2: The I5N-HSQC spectrum o f YB-1 CSD. The peaks from the residues o f the folded state are 
annotated with the one-letter code for amino acids, while the peaks belonging to the unfolded state 
are labeled with "U ".
(see appendix 1). For some residues, more than one unfolded form seems to be present (see 
figure 1C and 2). The signal intensity of these additional unfolded forms is relatively low 
and the presence of these forms will not be considered in the remainder of the chapter.
A comparison of the assigned signals of the unfolded state and signals in the 15N-HSQC 
spectrum of YB-1 CSD dissolved in a 6 M guanidinium chloride solution (data not shown)
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shows that many of these resonances are outside the region characteristic of a random coil 
protein indicating the presence of residual structure in the unfolded state (see Discussion).
Relaxation and Exchange parameters
In our study of the dynamics of YB-1 CSD, we start by assessing the exchange 
rates from and to the folded and unfolded state. For this we use the T1-exchange 
experiment. In the T1-exchange spectrum, the 1H-15N amide auto and exchange cross peaks 
of only nine residues are amenable to an exchange analysis (see Materials and Methods). A 
section of the spectrum containing the auto- and cross peaks of glycine 66 is shown in the 
right panel of figure 3. We determined the initial slopes of the decay curves of MFF and 
Muu as well as that of the build-up curve of the exchange cross peaks to obtain values for 
pF +kFU, pu +kUF, kFU and kUF from which the values of pF and pu could be estimated (see 
Table 2 and the left panel in figure 3). The magnitude of the kFU and kUF values indicates 
that the exchange between the folded and unfolded form is slow.
t[s]
Figure 3: Right panel: Section o f the TI-exchange experiment showing the four resonances 
belonging to Gly66, i.e. the auto peaks FF and UU and the cross peaks UF and FU. Left panel: Fit 
o f the initial slopes o f the time-dependent intensity o f the four peaks o f Gly66 in the TI-exchange 
experiment.
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Table 2: Analysis data from the T1-exchange experiment at 17.6 T.
pF, pu, kFU and kUF have been determined by a first slope approximation using the T1- 
exchange experiment (Farrow et al., 1994).
Residue PF [S'1] Pu [s'1] kFu [s 1] kUF [s 1]
5 1.3 ± 0.2 2.0 ± 0.3 0.3 ± 0.05 0.9 ± 0.2
6 1.6 ± 0.2 2.2 ± 0.3 0.1 ± 0.05 0.4 ± 0.1
31 1.8 ± 0.2 1.5 ± 0.3 0.2 ± 0.05 0.7 ± 0.2
32 1.9 ± 0.2 1.9 ± 0.3 0.2 ± 0.05 0.5 ± 0.1
41 1.7 ± 0.2 2.2 ± 0.3 0.2 ± 0.05 0.5 ± 0.1
66 1.6 ± 0.1 1.6 ± 0.3 0.2 ± 0.05 0.4 ± 0.1
69 1.4 ± 0.1 2.1 ± 0.3 0.2 ± 0.05 0.4 ± 0.1
70 1.5 ± 0.1 2.1 ± 0.2 0.2 ± 0.05 0.3 ± 0.05
71 1.6 ± 0.2 1.9 ± 0.2 0.3 ± 0.05 0.3 ± 0.05
For the nine residues mentioned, the equilibrium constant for the folding transition, KF 
(= k UF / k FU), at 25 0C and pH = 6.7, was determined using the initial slope analysis of the 
T1-exchange spectrum (c.f. Table 2). The results are shown in Fig. 4 as a function of the 
residue number. The residues are evenly distributed over the protein. The KF-values are in 
the order of two, and similar within error bars (N.B. the relatively large error bars are 
caused by the low intensity of the exchange cross peaks). This suggests that the residues in 
YB-1 CSD are subject to a similar process.
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Figure 4: The folding constants, 
Kf , as a function o f residue number 
calculated from the kUF/kFU)-ratio 
o f the T1-exchange experiment.
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Figure 5: The relaxation rates R¡, R p  and {IH-I5N}-NOE for  the folded and unfolded state 
recorded at I I . 7 Tesla. The secondary structure elements are shown in the panel in the left lower 
corner. The drawn line in the R p  panel o f the unfolded state indicates the theoretical R eva lues o f 
a random coil (see text).
Since nine residues are not sufficient to describe the backbone dynamics of a 
protein, the conventional relaxation experiments were used to give an indication of the 
flexibility of the two states of YB-1 CSD. As discussed in the Materials and Methods 
section, the relaxation curves could be fitted with a single exponential instead of the 
complicated analytical expressions (3) and (4). The relaxation parameters derived from 
these experiments are given in appendix 2 and summarized in figures 5 and 6.
Our assumption that the measured longitudinal and transversal relaxation rates in 
the conventional experiments are equal to pF, pu, 1/T1pF and 1/T1pU (see Materials &
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Figure 6: The relaxation rates R h R p  for the folded and unfolded state recorded at 17.6 Tesla. 
Residue 42 o f the unfolded state, marked with the asterisk, has a R p  o f I4.3 ± I.0 s'1. The 
secondary structure elements are shown in the panel in the left upper corner. The drawn line in the 
R p  panel o f the unfolded state indicates the theoretical R eva lues o f a random coil (see text).
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Methods) seems justified by the results. Within the error margin, there is a good 
correspondence between the value of pF derived from the conventional experiment (pF 
ciassicai, Table 3) and that from the T1-exchange experiment (pF, Table 2), both recorded at
17.6 T. The agreement for the pu values is less good, but in view of the accuracy of the data 
acceptable.
Using the ratio between Ti and Tip-values (Fushman et al., 1994), we can estimate 
the rotation correlation time Tc of the folded state of YB-1 CSD. It is estimated to be 4.9 ns, 
which is typical of a 9 kDa protein and shows that the protein is monomeric. Earlier, it has 
been predicted that the active form of the Y-box proteins is a dimer molecule (Tafuri & 
Wolffe, 1992). Thus, the present measurements suggest that other parts than the cold shock 
domain play an important part in dimer formation.
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Table 3: Longitudinal and transverse relaxation rates at 17.6 T using conventional 
experiments.
Data are given for the nine residues analyzed in the TI-exchange experiment (see text).
Residue pF classical [s ] pU classical [s ] R1pF [s 1] Ripu [s 1]
5 1.5 ± 0.1 1.6 ± 0.1 7.9 ± 0.4 5.1 ± 0.3
6 1.8 ± 0.1 1.5 ± 0.1 8.5 ± 0.4 4.4 ± 0.3
31 1.8 ± 0.1 1.6 ± 0.1 9.1 ± 0.5 4.7 ± 0.3
32 1.8 ± 0.1 - 8.3 ± 0.4 -
41 1.7 ± 0.1 1.7 ± 0.1 8.4 ± 0.4 5.4 ± 0.3
66 1.6 ± 0.1 1.6 ± 0.1 6.5 ± 0.4 4.8 ± 0.3
69 1.4 ± 0.1 1.7 ± 0.1 5.6 ± 0.3 3.9 ± 0.3
70 1.6 ± 0.1 1.8 ± 0.1 7.2 ± 0.4 7.6 ± 0.4
71 1.6 ± 0.1 1.6 ± 0.1 8.0 ± 0.4 4.3 ± 0.3
Table 4: Longitudinal and transverse relaxation rates at 11.7 T using conventional 
experiments.
Data are given for the nine residues analyzed in the TI-exchange experiment (see text).
Residue pF classical [s ] pU classical [s ] R1pF [s 1] R1pu [s 1]
5 2.2 ± 0.1 1.8 ± 0.1 6.2 ± 0.4 2.8 ± 0.3
6 2.3 ± 0.1 1.5 ± 0.1 6.5 ± 0.4 -
31 2.5 ± 0.1 1.6 ± 0.1 6.9 ± 0.4 2.8 ± 0.2
32 2.3 ± 0.1 - 6.6 ± 0.4
41 2.4 ± 0.1 1.8 ± 0.1 6.5 ± 0.4 4.1 ± 0.3
66 2.1 ± 0.1 1.7 ± 0.1 5.3 ± 0.3 3.7 ± 0.3
69 1.8 ± 0.1 1.4 ± 0.1 4.2 ± 0.3 3.5 ± 0.3
70 2.1 ± 0.1 1.9 ± 0.1 5.6 ± 0.3 4.3 ± 0.3
71 2.3 ± 0.1 1.7 ± 0.1 6.3 ± 0.4 3.3 ± 0.3
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The results from the 
conventional experiments obtained at
11.7 T for the nine residues are listed in 
Table 4 and for all residues given in 
figure 5. Comparison between the results 
obtained at 11.7 (Table 4, figure 5) and
17.6 T (Table 2 & 3, figure 6) shows that 
at 11.7 T the pF-values have increased 
systematically with respect to the values 
obtained at 17.6 T. On the other hand, 
the pu values at the two frequencies are 
hardly different, which indicates that 
their ratio, pu(17.6 T)/pU(11.7 T), is 
much lower than the nominal value for a 
rigid protein with a rotation correlation 
time of 4.9 ns, which would lie in the 
order of 1.6. The ratio found for the 
unfolded state in combination with the 
heteronuclear NOEs ranging from 0.2 to 
even as high as 0.6 as found in some 
parts of the molecule can only occur, 
when motions on the nanosecond time 
scale are present in those parts of the 
unfolded molecule (Larson et al., 2002).
10 20 30 40 50 60 70 80 
residue
Figure 7: Spectral densities obtained from the 
relaxation data determined at 11.7 Tesla data as a 
function o f residue number (see text). The spectral 
densities at zero-frequency, nitrogen frequency 
and the average proton frequency are shown. In 
the lowest panel, the secondary structure elements 
are indicated.
This seems to be the case in C-terminal
region and in the middle of the YB-1 CSD molecule.
The transverse relaxation rates increase when proceeding from 11.7 to 17.6 T for 
both the folded and unfolded form as expected. A few amino acids merit separate attention. 
First, glycine 23 that shows an increased Rip value at 11.7 T in the folded form and was not 
detectable at 17.6 T. This indicates that this residue is subjected to a conformational 
exchange process in the millisecond time region, which bleaches out the signal at 17.6 T. A
similar remark is applicable to lysine 42 in the unfolded form. Its R1p value significantly
0
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increases from 11.7 to 17.6 T resulting in strong line broadening at the higher frequency, 
which indicates a similar conformational exchange phenomenon.
The T1, T1p and NOE data collected at 11.7 T were used to calculate the spectral density of 
the different residues of the folded form (see Figure 7). Some of the conclusions following 
from the comparison of the 11.7 and 17.6 T relaxation data also follow from the 
examination of the spectral density plots. Thus, J(0) of Gly23 is significantly higher than the 
average value obtained for the whole molecule, while <J(a>a)> of Gly23 is close to the 
average value, indicating the presence of conformational ex-change. Furthermore, the data 
suggest a somewhat increased flexibility, in nanosecond regime, for the residues of the 
loops L12, and L45. Most of the signals of the large loop, L34, are not seen in the spectrum 
except that of the remarkable residue Leu50 almost in the middle of that loop. This residue 
also shows a somewhat increased flexibility in the nanosecond regime compared to the core 
of the YB-1 CSD.
Backbone dynamics
The conventional relaxation data (Figures 5 and 6) and the spectral densities 
derived from these (Figure 7) lead to a flexibility pattern observed for many other proteins,
i.e. the loop regions show a somewhat enhanced motion, in the nanosecond domain, 
compared to the core. This is best seen for the loop L45 and suggested for loop L12 by the 
behavior of Arg19. The paucity of the data make it impossible to analyze loop L34 (and 
difficult for loop L12). Residues of the loops L12 and L45 are involved in DNA binding and 
the somewhat enhanced flexibility of these loops facilitates complex formation, particularly 
in situations were non-specific interaction is concerned, because it allows the protein to 
adjust its conformation to variations in the sequence of the target DNA.
Enhanced flexibility is also observed for Ala40 and Leu50. Ala40 is the last residue 
of the small 310-helix at the beginning of the large loop L34 and Leu50 is the only residue 
detectable in this loop. Flexibility and possible exchange of the amide protons cause the 
lack of signals from this part of the molecule. The fact that Leu50 is detectable even though 
it is located in the middle of the loop, may be explained by the observation that in the OB- 
fold family to which YB-1 CSD belongs, L34 contains a hydrophobic plug that fills the 
cavity along the long axis of the barrel (Murzin, 1993). In CspA, this plug is Leu45 
(Alexandrescu et al., 1999a). In CSD, the corresponding residue might be Leu50. The
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(weak) hydrophobic interactions with the core would cause that Leu50 is less flexible 
compared to the remainder of the loop, which is in the exchange-broadening regime. At this 
point, we can neither explain this observation due to the lack of NOEs from Leu50 to the 
core, nor its functional significance.
As mentioned earlier, the data obtained for some residues indicate the presence of 
conformational exchange. This is clear for the N- and C-terminal regions, as observed 
sometimes for other proteins. It is also outspoken for Gly23. This residue is located in the 
ß2-strand of the ß-hairpin formed by strands ß1 and ß2. Opposite of Gly23, we find Phe16 
and it is most likely that, given the room provided by the glycine residue, the phenylalanine 
ring will stack upon the ß-sheet as seen in related proteins (Rietman et al., 1996). The ring 
will, however, be free to rotate between stacked states inducing the observed exchange 
effects.
Backbone dynamics of YB-1 CSD compared with CspA of E. coll
When we compare the backbone dynamics of the folded state of YB-1 CSD with 
the data of CspA of Escherichia coli (Feng et al., 1998), there is a striking resemblance. It 
seems that L12 of CspA undergoes more conformational exchange, but we have to note that 
the paucity of the L12 data in YB-1 CSD makes a detailed comparison very difficult. In all, 
not only do the folded forms of the two polypeptides have the same topology, but also very 
similar dynamical properties.
Folding and unfolding of YB-1 CSD is fundamentally different from that of the 
topologically equivalent bacterial cold shock proteins.
The folding-unfolding behavior of the YB-1 CSD studied in this paper is 
fundamentally different from that of bacterial cold shock proteins (Csps). The latter class 
has been studied extensively. This includes the proteins CspA from the mesophilic 
bacterium Escherichia coli (Ec) (Reid et al., 1998; Mueller et al., 2000) and CspB from the 
mesophilic Bacillus subtilis (Bs) (Perl et al., 1998), and the Csp proteins from the 
thermophilic bacterium Bacillus caldolyticus (Bc) (Perl et al., 1998; Mueller et al., 2000) 
and hyperthermophilic bacterium Thermotoga maritima (Tm) (Perl et al., 1998). These 
bacterial molecules are representative of the class of single-domain proteins that fold and 
unfold in an all-or-none process without populating structured 'long-living' intermediates.
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Despite their very different stability, their folding behavior is essentially the same, in line 
with the idea that the topology of the native state determines the folding pathway (Plaxco et 
al., 1998; Baker, 2000, Oliveberg, 2001). Thus, their folding reactions are extremely fast 
and of the same order of magnitude, i.e. kUF is « 700 s-1 at 25 °C. The difference in stability 
is apparent in their unfolding rates (Schindler & Schmid, 1996, Perl et al., 1998). For the 
mesophilic Bs-CspB and thermophilic Bc-Csp the difference in stability could be attributed 
to the mutation of only two surface residues, proceeding from the mesophilic to the 
thermophilic protein by the changes Glu3 to arginine and Glu66 to leucine, despite the fact 
that the two proteins differ in sequence at 10 additional positions (Perl et al., 2000).
The observation that YB-1 CSD is in equilibrium between 70% folded and 30% 
unfolded state is quite different from the situation of the Csps. This is corroborated by the 
doubling of the resonances observed in the 15N-HSQC spectrum of the YB-1 CSD domain 
(Figure 2), a phenomenon not seen in the spectra of Ec-CspA (Feng et al., 1998) and Tm- 
Csp (Kremer et al., 2001). In line with this result, the transition from the unfolded state of 
YB-1 CSD to the native state is clearly much slower (three orders of magnitude) than the 
transition of the denatured to folded state observed for the bacterial cold shock proteins. 
This is quite surprising, since the YB-1 domain has the same topology as the cold shock 
proteins and its structure very closely resembles that of these proteins (Kloks et al., 2002). 
In recent years it has become evident that the topology expressed as the average distance in 
sequence between interacting residues, i.e. the contact order, is an important determinant of 
the rate of folding (Plaxco et al., 1998; Goldenberg, 1999; Oliveberg, 2001; Baker, 2000; 
Alm et al., 2002a). The main difference between the YB-1 CSD and the Csps is the length 
of their polypeptide chain. There is a four-residue insert in L34 and the N-terminal is 
extended by eight residues compared to Bs-CspB. The latter lengthens the anti-parallel ß- 
sheet formed by ß 1 and ß4 from the beta bulge formed by Lys8 and Thr7 onto Lys3 in YB-1 
CSD. The three N-terminal residues are not involved in ß-sheet formation. These 
differences between YB-1 CSD and Bs-CspB, however, lead to only a small difference 
between their contact orders. Thus, the contact order calculated for Bs-CspB is 11.0 (or 
16%) and that for the YB-1 CSD is 11.6 (or 15%). Therefore it is very unlikely that the 
difference in the folding rates between the proteins can be explained by topological 
differences (Alm, 2002b).
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For a further comparison with the behavior of the bacterial cold shock proteins, we 
examine the results obtained for the unfolded form. To this end we first focus on the {1H- 
15N}-NOE and T1p data. The unfolded form still exhibits positive NOEs, in particular for 
residues in the C-terminal region (Fig. 5 and 6). This indicates that this part of the molecule 
is tumbling with a rate representative of residual structure. Also the transverse relaxation 
times are indicative of such behavior. This can be seen by comparing the T1p data with 
relaxation rates predicted for a completely random coil protein. These rates can be 
calculated based on the following simple model in which the R1p of residue i (R1pi) in the 
sequence of a protein with unrestricted segmental motion depends on its position as follows 
(Schwalbe et al., 1997):
J
Rintrinsic is the intrinsic relaxation rate of the peptide chain, N is the total number of residues 
of the chain and À0 is the persistence length (in number of residues). Thus, the relaxation of 
residue i does not so much depend on the identity of its neighbors but predominantly on the 
motional properties of the chain. In our calculations we chose À0 = 7 as found earlier 
(Schwalbe et al., 1997). Then the best fit to the data yielded Rmtnnsic = 0.27 s-1, which is 
reasonably close to the value found for lysozyme (Schwalbe et al., 1997: Klein- 
Seetharaman et al., 2002). A bold line in Figs. 5 and 6 indicates the results, obtained at 11.7 
and 17.6 T, of the calculations. The results obtained at 11.7 and 17.6 T show several 
residues, in particular in the C-terminal region, that have larger R1p-relaxation rates than 
seen for the random coil molecule, indicating the presence of non-random structure. These 
enhanced relaxation rates arise from residual structure or conformational changes in this 
structure (vide infra). The available data are not sufficient to define the structure of the 
unfolded state further, although one might speculate that the ß-hairpin formed by the C- 
terminal end in the folded structure still is present in the unfolded form.
The conclusions are supported by a comparison with the 15N-HSQC spectrum of 
the protein dissolved in a 6 M guanidinium chloride solution (data not shown). Several 
resonances, which in the spectrum of the unfolded form were still close to the positions of
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the folded form, now moved into the region where the resonances of a completely random 
coil protein are located. This was particularly clear for residues 6, 11, 42, 74 and 75, 
indicating that these residues are part of regions with residual structure supporting the 
interpretation of the NOE and R1p measurements. These residual structures should not be 
looked upon as rigid entities as is illustrated by the behavior of Lys42. Its R1p value 
increases by a factor of « 2 when proceeding from 11.7 to 17.6 T as a result of a strong line 
broadening of the cross peak. This corresponds to conformational exchange in the residual 
structure in this region and does not reflect the transition from the unfolded to the folded 
state. A similar observation, though not as outstanding, is made for Ala70.
In recent years many small proteins have been studied, among which are the cold 
shock proteins, showing apparent two state folding. These investigations have led to the 
discovery that topology is one of the major determinants of refolding (Plaxco et al., 1998; 
Baker, 2000, Oliveberg, 2001). There are, however, proteins, sometimes very closely 
related to the class of two-state folders that fold through a rapidly formed intermediate 
(Roder & Colón, 1997; Yeh & Rousseau, 2000; Gunasekaran et al., 2001). A well-studied 
example is the Im7 protein, which forms an intermediate in which the hydrophobic residues 
Leu34 and Leu38 are exposed to the solvent in the native state, but more shielded in the 
intermediate (Capaldi et al., 2002), the reason being that the exposure of these residues is a 
functional requirement. In the folding process the protein apparently passes through a low- 
lying energy well from which it is more difficult to reach the native state. When we look at 
the results of YB-1 CSD in this light, we could speculate that it is possible that YB-1 CSD 
is such an exception. As seen from our study, the second state in our sample contains 
residual structure. Also we see that precipitation occurs in the course of months. This 
precipitation might be caused by completely unfolded protein, which aggregates to prevent 
its hydrophobic patches to be exposed to the solvent. Together with the observation that the 
second form has residual structure, this might mean that the state that we called the 
unfolded state in our study is a long-lived intermediate in the process of CSD between 
being folded and completely denatured. Whether this three-state situation obtains for YB-1 
CSD or whether Just trivial misfolding occurs or another process causing the domain to 
exist in two interconverting states remains to be established.
Chapter 5
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Abstract
The oligonucleotide/oligosaccharide-binding fold (OB-fold) is a 5-stranded ß- 
barrel capped by a long loop. To search for evolutionary relationships and a general binding 
site in the OB-fold protein family, many known OB-fold structures were superposed to two 
reference structures. We also investigated the evolutionary relationship with the 
ribonucleoprotein fold (RNP-fold), because some members of both folds contain similar 
binding motifs. Structural superposition enabled us to identify a conserved ß-bulge and two 
conserved motifs in the OB-fold, which are undetectable in sequence alignment. The 
structurally conserved residues are a major component of the core, showing that the fold is 
conserved. This was also seen for non-nucleic acid binding OB-fold domains. The OB-fold 
domains superposed well exhibiting a preferred DNA-binding site position. When this 
position is not accessible because of steric hindrance, the binding site position is observed 
elsewhere. The OB-fold is used for a great variety of functions and could have an ancient 
ancestor. Even though 4 members of the OB-fold protein family have the RNP-binding 
motifs at the same spatial positions as in the RNP-fold, the two folds are most likely not 
directly evolutionarily related, but might be the result of convergent evolution.
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Introduction
The oligonucleotide/oligosaccharide binding fold (OB-fold) is one of the protein 
families that uses ß-sheet surfaces to bind nucleic acids or sugar molecules. The OB-fold 
was first characterized and described by Murzin & Chothia (1992), and by Murzin (1993).
OB-fold containing proteins have a wide range of functions. Those involved in 
nucleic acid binding may serve as transcription and translation factors (for example Y-box 
proteins (Tafuri & Wolffe, 1993) or initiation factor 1, IF1 (Sette et al., 1994)). 
Furthermore, these proteins participate in DNA repair, capping of messenger RNA 
(mRNA), or telomere binding (Subramanya et al., 1996; Hâkansson et al., 1997; Horvath et 
al., 1998). In prokaryotes, there is a group of OB-fold proteins involved in stress response. 
For example, the bacterial cold shock proteins (Csps) play a role in the process of restoring 
cell growth after exposure to a sharp drop in temperature (Jones & Inouye, 1994). The OB- 
fold domains bind to a great variety of nucleic acids, ranging from transfer RNA (tRNA) to 
short stretches of DNA, RNA hairpins, stretches of single stranded DNA (ssDNA), and 
even triple-stranded DNA (H-DNA). The nucleic acids are bound with a great variety of 
affinities, specificities and binding modes.
Nucleic acid binding OB-fold proteins are found in different oligomeric states. For 
example, the prokaryotic cold shock protein CspA of Escherichia coli is active as a 
monomer, the gene-V proteins of bacteriophages M13, Pf3 and f1 function as dimers and 
the single-stranded DNA binding proteins (SSBs) from E. coli and Homo sapiens as 
tetramers. OB-fold proteins are also found as multidomain proteins. For example, the 
telomere-binding protein (TEBP) consists of 2 different subunits containing 4 OB-fold 
domains in total: subunit A contains three and subunit B one OB-fold domain (Horvath et 
al., 1998). In class II aminoacyl tRNA synthetases, e.g. aspartyl-tRNA synthetase, an OB- 
fold domain is present in the N-terminal part of the protein, followed by a large C-terminal 
a/ß-domain (Ruff et al., 1991). The oligomeric state is geared to the biological function of 
the protein, e.g. each DNA binding site of the aforementioned dimeric gene-V proteins 
involved in ssDNA packaging is composed of amino acids of both subunits (Folmer et al., 
1997).
Another type of OB-fold-containing proteins is represented by a group of toxins 
that bind sugar molecules. Two classes can be distinguished. The first consists of a circular 
homopentameric protein complex whose subunits each consist of one OB-fold domain. The
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second group consists of two parts, an N-terminal OB-fold domain and a small C-terminal 
a/ß domain. The Shiga toxin or verotoxin 1, the heat-labile enterotoxin B of E. coli, the 
antifungal protein of Aspergillus giganteus, and the cholera toxin B belong to the first class, 
while the enterotoxins A, B, C2, E, H from Staphylococcus aureus and the toxic shock 
syndrome toxin-1 belong to the second class.
There is another known group of OB-fold proteins known that do not bind sugars 
or nucleic acids. Pyrophosphate phosphohydrolase and inorganic pyrophosphatase bind to 
inorganic phosphate (Teplyakov et al., 1994; Heikinheimo et al., 1996). The 14 kDa 
subunit RPA-14 of the human replication protein A (RPA) is another example of a non­
sugar, non-nucleic acid binding OB-fold protein (Bochkarev et al., 1999). In contrast, the 
other OB-fold domains of the RPA protein do bind nucleic acids. Another example is the 
tissue inhibitor of metalloproteinases-2 (TIMP-2) described by Williamson et al. (1994) 
which binds to matrix metalloproteinases to regulate their activity during breakdown of 
connective tissue. The TIMP-2 protein has two functions. It regulates matrix 
metalloproteinases by binding to these proteins (Gomis-Rüth et al., 1997) and it functions 
as a growth factor (Stelter-Stevenson et al., 1992) (interaction with DNA for growth 
regulation has not yet been demonstrated (Gomis-Rüth et al., 1997)). The fold is described 
in more detail in the paragraph “Structural background”.
Besides the OB-fold containing proteins, there exists a second major group of 
proteins that also use a ß-sheet to bind to nucleic acids. These proteins contain the so called 
ribonucleoprotein (RNP) fold, a domain with two RNA binding motifs RNP-1 and RNP-2, 
also called RNA recognition motifs (RRM) (Nagai et al., 1990; Inoue et al., 1997) 
(described in detail in the paragraph: Structural background).
The RNP-1 and RNP-2 motifs are also present in some members of the OB-fold 
family, for example the cold shock proteins and the proteins with cold shock domains. This 
leads to a very similar spatial distribution of the residues involved in nucleic acid binding as 
shown in Figure 1, where the 3D-structures of the cold shock protein A of E. coli (CspA) 
and the RNP fold protein U1A are compared. Interestingly, this is also true for the gene-V 
protein of bacteriophage Pf3, which contains similar residues involved in binding as in the 
RNP-motifs but with a somewhat different spacing (see figure 1).
Several studies have suggested that evolutionary relationships may exist between 
OB-fold containing proteins and even between these proteins and RNP-fold containing
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Figure 1: A -  C ) The structure o f  the dimeric gene-V protein o f  bacteriophage Pf3 (panel A), CspA 
o f E. coli (panel B), and the human U1A protein (panel C). The sidechains o f the binding residues 
are displayed as sticks. Corresponding residues have the same shade o f gray.
domains (Graumann & Marahiel, 1996; D. Suck, 1997 amongst others). Since the 
appearance of these reviews, many more structures of OB-fold proteins have been solved, 
which can be compared with each other to search for possible evolutionary and functional 
relationships.
We performed a structural alignment of a series of OB-fold-containing proteins. 
On the basis of our results, we address the following questions. First, is there a common 
binding site present in the nucleic acid binding group of the OB-fold family at a common 
position and with similar residue content? Second, what structural factors determine nucleic 
acid binding and its characteristics in the OB-fold? Third, are the members of the OB-fold 
family evolutionarily related? Finally, is the OB-fold evolutionarily related to the RNP- 
fold?
Structural Background
Murzin & Chothia (1992) and Murzin (1993) presented the first characterization of 
the OB-fold. The core of the OB-fold is formed by a 5-stranded ß-barrel. Its topology 
diagram is presented in Figure 2A. It consists of a Greek key motif formed by four 
antiparallel ß-strands supplemented by a fifth antiparallel strand. The strand order is 5-4-1­
2-3, which has been characterized as a separate topology, designated g-b, among protein ß-
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Figure 2: A) Topology diagram o f the OB-fold. The loops connecting the strands are indicated by 
Lxy, with x and y  being the numbers o f the strands connected by the loop. B) The OB-fold 
schematically indicated in three dimensions to show the definitions o f the orientations used in the 
figures. The front view is shown and the directions o f view for the other orientations are indicated 
by arrows. C) A ß-barrel with shear number 10 and 5 strands. The shear number S can be derived 
from the hydrogen bond pattern. In a closed barrel, you look at the residues in one layer (indicated 
by the rectangle) S is the difference between the number o f the first residue in the strand (in this 
case, one) and the number o f the residue o f that same strand where the barrel closes in the same 
layer (in this case, eleven, making S equal to ten). The gray circles indicate residues with their side 
chains sticking into the barrel, while the black circles are residues with their side chains outside. 
The number o f ß-strands is called n. The used numbering o f the strands is sequential in space. The 
hydrogen bonds are indicated with thick lines.
45
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barrels with Greek key motifs (Zhang & Kim, 2000). The g-b motif forms a left-handed ß- 
barrel (idem). The barrel is closed by interactions between strands 3 and 5, which are 
aligned in parallel. The OB-fold can be viewed as two curved 3-stranded ß-sheets forming a 
barrel. The first sheet is formed by the second half of strand 1 and by strands 2 and 3, the 
second sheet by the first half of strand 1 and strands 4 and 5 (cf. Figure 2A). As a result, the 
loops connect the strands of the first sheet contiguously, but not in the second sheet.
A schematic representation of the OB-fold derived from the three dimensional 
structure of the cold shock domain of YB-1 (Kloks et al., 2002) is presented in figure 2B. 
The geometry of the ß-barrels can be characterized by two parameters, the shear number 
and the number of strands (A.D. McLachnan, 1979; Murzin et al., 1994a,b). These two 
parameters determine the cross-sectional radius of the barrel and the average orientation of 
the ß-strands with respect to the axis of the barrel. An illustration of the definition of shear 
number is presented in figure 2C.
Some of the OB-fold domains have imperfect barrels, in the sense that they are not 
closed. Originally, the open barrels were not part of the OB-fold definition introduced by 
Murzin (1993). However, Murzin et al. (1994a,b) showed that the geometries of the partly 
open barrels are very similar to the perfect barrels. Therefore, these imperfect barrels are 
often included in the OB-fold family. As mentioned in Murzin et al. (1994b), closed barrels 
may also be distorted and deviate from the ideal model by ß-bulges and local variations in 
twist and coiling angles in the ß-sheet.
The other ß-sheet nucleic acid binding fold, the RNP-fold, found in RNA binding 
proteins, is very different from the OB-fold. It consists of a 4-stranded antiparallel ß-sheet 
with 2 a-helices packed onto one side (Figure 3A). The other side of the sheet binds to 
RNA. This is mediated by two RNP motifs, also called RNA recognition motifs (RRM) 
(Nagai et al., 1990; Inoue et al., 1997). The consensus sequences of these motifs (which are 
present on two adjacent strands) are given in Figure 3B (Reviews: Wolin & Walter, 1991; 
Kenan et al., 1991; Nagai et al., 1995; Weighardt et al., 1996). In some of the OB-fold- 
containing proteins, RNP binding motifs have been found, e.g. in the cold shock proteins 
and in the cold shock domain of the Y-box proteins (D. Landsman, 1992; Schindelin et al., 
1993; Schindelin et al., 1994; Schnuchel et al., 1993; Newkirk et al., 1994). These motifs 
are part of strands 2 and 3.
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Loop
Figure 3: A) The topology o f the ribonucleoprotein (RNP)-fold. The ß-strands are indicated by 
black arrows and the a-helices by gray cylinders. The positions o f the RNA binding motif RNP-1 on 
strand 1 and RNP-2 on strand 3 are indicated. B) Consensus sequences o f the RNP motifs RNP-1 
and RNP-2.
Methods
The OB-fold and RNP-fold containing proteins were identified using the search 
program PDBFINDER in SRS and the FSSP-, HSSP- and CATH databases and their 
structures were retrieved from the PDB (Hooft et al., 1996; Etzold et al., 1996; Holm et al., 
1992; Sander & Schneider, 1991; Orenko et al., 1997; Berman et al., 2000).
Structural alignment was achieved by superposition of the domains using WHAT 
IF (G. Vriend, 1990). Some of the proteins, e.g. those with imperfect barrels, required 
manual bootstrapping. Both the manual and automatic initial alignments were optimized by 
the structure alignment optimalization procedure available in WHAT IF. The principles of 
the WHAT IF structural alignment procedure have been described by Vriend & Sander 
(1991). Using the standard program parameters, this procedure only aligns fragments (of 
ten residues or more), whose Ca-atoms are less than 3.8 Â apart in the pair wise
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superposition. Also, the root mean square distance between the equivalent Ca-atoms of the 
two fragments must be less than 2 Â. The alignment achieved via the superposition could 
be extended in a few cases by visual examination.
In the alignment procedure, two proteins were used as templates: the C-terminal 
domain of the human replication protein A (RPA70-C) (residues 300-420 from PDB-entry 
1jmc) and the cold shock domain (CSD) of the human Y-box protein YB-1 (PDB-entry 
1h95). RPA70-C was chosen as a reference, because it has a perfect barrel with long loops, 
which facilitates the structural alignment of the loops of the other OB-fold domains. The 
cold shock domain was chosen as a second reference structure because its structure is 
somewhat different from that of RPA70-C. It has short loops and a slightly different barrel 
curvature as reflected in the difference of the shear numbers (A.D. Lachnan , 1979).
The OB-fold domain structures complexed to nucleic acid were used to locate in 
the output of the structural alignment the amino acid residues involved in binding. The 
nucleic acids were included in the superposition by applying the rotation matrix used to 
produce the superposition of the proteins to the nucleic acids as well. The amino acids 
implicated in binding that could not be superimposed according the criteria of WHAT IF 
were included by introducing the sequences that fill the gaps between the properly aligned 
parts of the protein sequence to allow for an analysis of their role in the OB-fold. In 
addition to the X-ray results, other information in the literature regarding the residues 
involved in binding was also used.
The RNP-fold proteins were only structurally aligned with CSD, because it is the 
OB-fold domain that just like the RNP-fold domains carries the RNP-1 and RNP-2 binding 
motifs.
Results & Discussion
Domain selection
Thirty-seven OB-fold protein structures (of which twenty-six bind to nucleic 
acids) were used in the analysis (see Tables I and II; additional information is provided in 
Appendix 3). OB-fold domains with a subdomain inserted in the barrel were not included in 
the comparison, e.g. gene-32 protein from bacteriophage T4 (Shamoo et al., 1995). One
92 Chapter 5
Table I: The 26 nucleic acid binding OB-fold domains used in the structure superposition. 
The number in the superposition (no), abbreviations o f the protein name and complete 
name o f the proteins are given. The organism from which the protein is taken is indicated 
when confusion can occur. The residues used in the alignment o f the specific PDB-file are 
given. (For some proteins more structures are deposited than indicated in the Table.) The 
numbering is taken as in the PBD-file. In the last column (C) is indicated by “y ” whether 
the complex with the nucleic acid is solved or predicted. I f  the structure was obtained for 
the isolated protein, this is indicated by “n ”. The complexes o f the gene-V proteins o f 
bacteriophage M l 3 and Pf3 to ssDNA are modeled by R.H.A. Folmer & C.W. Hilbers 
(unpublished) and not deposited to the PDB-database. The domains annotated with an 
asterisk have imperfect barrels, all other domains have perfect barrels. More information 
on the domains is given in a table in appendix 3.
no abbreviation Protein residues PDB-file C
1 eSSB ssDNA binding protein (Escherichia coli) all 1kaw/1qvc y
2 M13* Gene-V protein (bacteriophage f1 or M13) all 1bhg/2gva y
3 SN Staphylococcal nuclease 7-70 2sob/1snc n
4 hmtSSB ssDNA binding protein (human mitochondria) all 3ull n
5 KRS Lys-tRNA synthetase 33-150 1 lyl n
6 pDRS Asp-tRNA-synthetase (Pyrococcus kodakaensis) 1-101 1b8a n
7 eDRS Asp-tRNA-synthetase (Escherichia coli) 12-206 1c0a y
8 RPA32 Replication protein A 32kD subunit 45-151 1quq n
9 RPA70-N Replication protein A N-term. Domain o f 70 kD 
subunit
183-300 1jmc y
10 RPA70-C Replication protein A C-term. Domain of 70 kD 
subunit
37-153 1jmc y
11 TEBP-A1 Telomere binding protein domain 1 o f subunit A 101-203 1otc y
12 yDRS Asp-tRNA-synthetase (Saccharomyces cerevisae) all 1asy y
13 PNP Polyribonucleotide nucleotidyltransferase S1 
domain
all 1sro n
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14 CSD Y-box protein cold shock domain (human) all 1h95 n
15 CspA Cold shock protein A (Escherichia coli) all 1mjc n
16 CspB Cold shock protein B (Bacillus subtilis) all 1csp n
17 RuvA RuvA protein 1-63 1cuk/1hjp y
18 IF5A Inititation factor 5A 75-139 1bkb n
19 TEBP-A2 Telomere binding protein domain 2 o f subunit A 222-301 1otc y
20 Rho Rho protein (RNA-DNA helicase) 47-130 1a63/2av8 y
21 TEBP-B1 Telomere binding protein domain 1 of subunit B 26-125 1otc y
22 IF1 Initiation factor 1 all 1ah9 n
23 DL* DNA ligase 241-349 1a0I n
24 Pf3* Gene-V protein (bacteriophage Pf3) all 1pfs y
25 CAPP-C* mRNA capping protein C-terminal domain 240-306 1ckm n
26 FRS-B* Phe-tRNA-synthetase subunit B 37-153 1pys n
OB-fold domain, ribosomal protein S17 (Golden et al., 1993), which at first sight would 
have been an excellent candidate for the present study, was also left out. The PDB-entry of 
the protein, 1rip, consists of 6 structures, of which the first has the hydrophobic and 
hydrophilic residues inside out, while the other structures score badly in the structure 
validation procedure of WHAT IF (G. Vriend, 1990). A more recent structure determination 
has been presented by Jaishree et al. (1996), but its coordinates have not been deposited in 
the PDB.
Some of the single-stranded DNA-binding proteins occur in multimeric states. In 
our study, comparisons were made between the monomeric domains of the proteins, even 
when the domains are involved in multimeric structures. Possible effects of the oligomeric 
state are discussed later.
Sugar-, protein- and phosphate-binding OB-fold domains and domains with 
unknown substrates (see Table II) were also included in the structural alignment to 
complete the comparison of the protein family by analyzing whether or not they have 
different structural or sequence properties. Of the many enterotoxin structures known, only 
two enterotoxins, A and H, were chosen to represent this group of closely related proteins.
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Table II: The OB-fold proteins that do not bind nucleic acids used in comparison.
The number in the superposition (no) is a continuation o f Table I. The residues used in the 
superposition o f the specific PDB-file are given. The numbering is taken as in the PBD-file. 
Last column (S), substrate: 1 stands for sugar and 2 stands for protein, 3 stands for 
inorganic pyrophosphate and 4 stands for no known substrate.
no abbreviation Protein residues PDB-file S
27 VT Verotoxin-1 / Shiga toxin (Escherichia coli) all 1bov 1
28 AP Antifungal protein (Aspergillus giganteus) all 1afp 1
29 hlET-B Heat-labile enterotoxin B (Escherichia coli) all 1djr 1
30 CT-B Cholera toxin B (Vibrio cholerae) all 1chp 1
31 ET-A Enterotoxin A (Staphylococcus aureus) 33-115 1sea 1
32 ET-H Enterotoxin H (Staphylococcus aureus) 24-102 1enf 1
33 TSST-1 Toxic shock syndrome toxin-1 (Staphylococcus 
aureus)
16-92 1 qil 1
34 TIMP-2 Tissue inhibitor o f metalloproteinases-2 (human) all 2tmp 2
35 PiPase Pyrophosphate phosphatase (Thermus 
thermophilus)
14-111 2prd 3
36 Ppase Inorganic pyrophosphatase (Saccharomyces 
cerevisae)
90-161 1wgj 3
37 RPA14 Replication protein A 14 kD subunit all 1quq 4
Table III: RNP-fold proteins used in comparison.
The number in the superposition (no) is a continuation o f Table I  and II.
no PDB-file Protein no PDB-file Protein
38 2acy Acylphosphatase 42 1cvj Poly(A) binding protein
39 2u2f snRNP U2A 43 1ha1, 2up1 hnRNP A1
40 1ris Ribosomal protein S6 44 1urn, 2u1a, snRNP U1A
41 1tig Initiation factor IF3 3utr, 1aud
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The RNP-fold domains that were selected in our study as a representation of this protein 
family are listed in Table III. These proteins are the most extensively studied molecules of 
this family.
Sequence alignment of the OB-fold domains
Sequence alignment by Clustal W and Clustal X (Thompson et al., 1994; 
Thompson et al., 1997) of the 37 OB-fold domains used in our study (mentioned in Tables I 
and II) did not result in any sequence homology (personal communication T.J. Gibson), 
except for the strongly related proteins, like the cold shock proteins or the tRNA 
synthetases.
Structural alignment of nucleic acid binding OB-fold domains
The result of the structural alignment of the 26 molecules involved in nucleic acid 
binding is shown in Figure 4A (sequences 1 to 26). Alignment of these proteins is rather 
involved. The molecules contain perfect or imperfect, incompletely closed, ß-barrels. 
Furthermore, the loops, which play an important role in nucleic acid binding, and the 
strands, may differ greatly in length, and the presence of ß-bulges complicates the 
superposition procedure. The fine details of a multi-structure superposition depend on the 
chosen template. Therefore, two templates were used (cf. Methods). The comparison of the 
superpositions using the two templates gives a good impression about the quality and 
reproducibility of the superposition process. Superpositions using CSD and RPA70-C as 
templates gave the same results for the core of the proteins. For the loop regions, minor 
differences were observed. There are two reasons for these differences. First, the loops in 
RPA70-C are longer, which makes it possible to superpose more residues distant from the 
core. Second, the orientations of the loops in the two template structures are slightly 
different.
The superposition of the core is shown in Figure 4B. Analysis shows that strands 
ß1, ß2 and ß3 superpose well. Overlaying strands ß4 and ß5 appeared to be more 
complicated due to the variations in curvature of the barrel and the presence of ß-bulges. ß- 
bulges or bends occur mainly in ß1 and ß5 strands, and turn out to be present on one side of 
the barrel (the right hand side in figure 4A). Interestingly, nearly all of the proteins have a 
bulge in ß1 at an identical spatial position (vide infra, cf. figure 5, where the residues
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a b
Figure 4: A) Superposition o f the 26 nucleic acid binding OB-fold domains. The different parts o f 
the OB-fold, the N-terminus, L12, L23, L34, L45, the C-terminus and the core are indicated in different 
shades o f gray. B) Top view o f the core extracted from the structural superposition o f the 26 nucleic 
acid binding OB-fold domains listed in Table I.
involved are incorporated in black boxes), which enables this strand to follow the curvature 
of the ß-barrel. The bulge in strand ß1 is lacking in only a few cases. In CAPP-C, the barrel 
is not closed and not very curved, so the ß1 strand does not need a bulge to follow the 
barrel curvature. In the case of the gene-V proteins of phages Pf3 and M13, ß1 is strongly 
curved at that position, which is facilitated by a 310 helix replacing the ß-bulge -  too 
dissimilar to be superposed properly.
Detailed analysis of figure 4A further shows that the N- and C-termini of the 
domains have variable lengths and display a spread in orientations, comparable to those 
found in NMR-ensembles. The analysis also shows that the 4 different loops of the OB-fold 
occupy specific positions in space, in accord with the Greek key topology. This also implies 
that our structural overlay is correct. The orientation of loop L12 is similar in most proteins, 
especially the part close to the core. However, the loops differ appreciably in length. The 
position of L23 (the loop connecting strands 2 and 3) is well conserved. The loop is short 
and forms a tight turn in all of the proteins, except in the two single-stranded DNA-binding 
proteins (SSBs) of human mitochondria and E. coli, in which it is extended to form a
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dimerization interface. The orientation of loops L34 (loop between ß3 and ß4) and L45 
(between ß4 and ß5) is more flexible with respect to the core. L34 especially, and to a lesser 
extent L45, have different lengths in the different domains. L34 may even contain an a-helix, 
whose length is variable among the OB-fold domains. The beginning and end of L34 are 
often situated close to L12. L34 may serve as a scaffold to keep L12 in place, and may thereby 
possibly facilitate nucleic acid binding (Rietman et al., 1996).
Figure 5 shows the sequence profiles resulting from the structural alignment 
procedure of all OB-fold proteins considered. The letters in the columns correspond with 
topologically equivalent positions in the OB-fold structure. Analysis shows that there is 
very limited amino acid similarity; the average pair wise identity in the aligned parts is 
15%. Only within protein groups, for example the cold shock domains (CspA, CspB, CSD) 
or the acyl tRNA synthetases, is a much higher homology found. For the cold shock 
proteins, regions with higher homology include the RNP-motifs (indicated in polka dotted 
boxes in figure 5). Despite the limited homology found in the OB-folds, two amino acid 
motifs that are present in most of these proteins stand out. We mention first the GXV motif, 
which immediately precedes the conserved bulge in strand ß1 (ß-bulge residues 
incorporated in the black box in figure 5). In this sequence, X can be any residue. Note that 
if only the glycine is present and not the valine, the latter is replaced by a semi-conserved 
amino acid, leucine or isoleucine, except in RPA70-N, where it is a cysteine. The second 
motif, GXXVXV, is found in ß4, immediately after loop L34. Also in this case, the 
conservation of the valines is not always stright. In these situations, semi-conservative 
variants are usually found.
The glycine residue of the GXV-motif is replaced by an alanine residue in seven 
cases, which can be viewed as a semi-conservative replacement. Its side chain is situated in 
the interior of the barrel and the distortion of the structure is minimal. In the proteins that 
lack the ß-bulge, an isoleucine or leucine replaces the glycine residue. In all these proteins, 
the residues concerned protrude from the rim of the barrel and are involved in hydrophobic 
interactions with other parts of the protein (mainly a N- or C-terminal a-helix) or, as in Pf3 
and M13, are part of the dimerisation interface. In the last example lacking the glycine 
residue, TEBP-B1, the cysteine at that position is close to an a-helix.
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When we take a closer look at the conserved residues, indicated in Figure 5, we 
find that the first conserved glycine and the following ß-bulge enable ß1 to adjust to the 
barrel curvature and that the second conserved glycine, which forms the start of the 
GXXVXV sequence, is a hinge-like residue connecting L34 to ß4. The other conserved 
residues make up the major part of the interior of the barrel, and they are mainly large 
hydrophobic residues, like valine, leucine or isoleucine. They are clearly present at the 
different layers (See Figure 6, for definition see Figure 2C) and in close proximity to each 
other. This conservation, together with the glycines and the ß-bulges shows that the inside 
of the fold is structurally conserved and so therefore are the requirements to form the ß- 
barrel. The residues on the surface of the barrel are not conserved. By our structural 
alignment study, we were able to identify the residues and their spacing that are essential 
for defining the OB-fold protein family. Even so, the protein family shows hardly any 
sequence homology and has members with a wide range of functions and ligands. The 
conservation of specific residues has not been described before and they could not be 
deduced by methods like sequence alignment.
Figure 5 (next page): Structural alignment o f the nucleic acid binding OB-fold domains (1-26), and 
the OB-fold toxins and OB-fold proteins that do not bind nucleic acids (27-37). Domains 30 to 34 
could not be superposed (see text). Residues aligned with confidence according to the WHATIF 
criteria are presented in upper case. Thus Ca-atoms o f the upper case residues arranged in one 
column are within 2Á from the atom in the template molecule in this column, i.e. from the Ca o f 
RPA70-C or CSD. Residues that could be aligned after visual examination o f the graphical output 
o f the WHATIF superposition optimalization are given in lower case. The parts o f the structures 
that were not aligned well are omitted. Positions with 7 or more identical residues are boxed and 
shaded in gray. When this is the case for  two amino acids types at one position, the amino acid with 
the smaller population is indicated in a box with a lighter shade o f gray. The RNP-1 and RNP-2 
like motifs are indicated in the polka dotted rectangles. The conserved ß-bulge in ß1 is indicated by 
the black rectangle.
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1 eSSB
2 M13
3 SN
4 hmtSSB
5 KRS
6 pDRS
7 eDRS
8 RPA32
9 RPA70-N
10 RPA70-C
11 TEBP-A1
12 yDRS
13 PNP
14 CSD
15 CspA
16 CspB
17 RuvA
18 IF5A
19 TEBP-A2
20 Rho
21 TEBP-B1
22 IF1
23 DL
24 PF 3
25 CAPP-C
26 FRS
27 VT
28 AP
29 hIETB
35 PiPASE
36 PPASE
37 RPA14
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Complexes of OB-fold domains and nucleic acids
In Figure 1, the structures of three different proteins (gene-V protein of Pf3, CspA 
and U1A) are displayed. The side chains found to be involved in nucleic acid binding are 
indicated. The figure suggests that the architecture of the nucleic acid binding site is similar 
for these proteins. Therefore, we wanted to investigate whether this similarity is a more 
general characteristic, detectable via the structural alignment procedure. To be able to 
perform this analysis, we filled in the gaps that remained in Figure 5 between the 
topologically defined regions with residues that connect these regions in the protein
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Figure 6: The conserved residues in the OB-fold domains. Ten residues plus a ß-bulge are 
conserved in the OB-fold. Since there is no domain with all conserved residues, the cold shock 
domain o f YB-1 was used to indicate the relative positions o f the conserved residues. A) Secondary 
structure o f CSD with the conserved residues are indicated by boxing them. The conserved ß-bulge 
residues are underlined in the black box. Going from the N-terminal to the C-terminal, the 
conservations are: Val (Ala6 in CSD), Gly, Val, ß-bulge, Leu (Ile25 in CSD), Asp (Arg27 in CSD), 
Val, Val, Gly, Val, Val (Phe61 in CSD). B) The residues in boxes colored in shades o f gray (Gly11, 
Ile25, Val36, Phe61), are given here in space-fill while the rest o f the CSD domain is given in ribbon 
representation. This figure clearly shows that the conserved residues determine the packing o f the 
core o f  the domain.
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sequence. The results are shown in Figure 7, where the original sequences of Figure 5 are 
indicated in uppercase, while newly introduced sequences are in upper case italics. We 
emphasize that the residues of the latter sequences are not topologically equivalent with 
residues of other proteins in the same column.
The residues considered as being involved in interactions with nucleic acids were 
divided into three classes, classified in order of decreasing reliability in figure 7. To the first 
class belong those residues that could be assigned unambiguously by X-ray, NMR, and 
mutation studies as being involved in nucleic acid interactions. Residues predicted to bind 
on the basis of binding studies, e.g. cross-linking studies, belong to the second class. The 
third class is made up of residues that exhibit chemical shift changes upon interaction of the 
protein with the nucleic acid and also of residues with atoms less than 4 Â from the nucleic 
acid in X-ray structures of protein nucleic acid complexes for which the binding mode was 
not described in detail. The residues belonging to the third class need not be involved in the 
binding itself, because they could also be pointing into the ß-barrel or be affected by 
change in chemical environment due to structural changes in other parts of the protein. The 
residues of class 1, 2 and 3 are marked in black boxes, shaded boxes and shaded circles, 
respectively (Figure 7). Examination of figure 7 shows that the majority of the residues 
situated in the nucleic acid binding sites belong to the category of residues structurally 
aligned in figure 4. There is, however, also a significant portion belonging to residues 
inserted in the gaps of figure 5. At first sight, a clear structural pattern does not emerge 
from the distribution of the residues present in the nucleic acid binding sites in the different 
proteins. But, what can be said is that “binding” residues are mainly present in the C- 
terminal end of strand ß1, the beginning of strand ß2, and in the middle of strand ß3, while 
they are scattered in strands ß4 and ß5. When we look at the nucleic acid protein complexes 
overlaid, it can be seen that the positioning of the nucleic acid relative to the core of the 
protein is different in the individual complexes (Figure 8). In most cases, the nucleic acid is 
located between L12 and L45, thereby interacting with these loops and/or with the surface of 
the barrel between these loops. This position can be viewed as the preferred binding region. 
A good example is provided in Figure 9A, where the complex of RPA70-N (domain 9 in 
table I, figure 5 and 7) with single stranded DNA is shown (Bochkarev et al., 1997). In 
Figure 9C, the secondary structure of this domain is depicted. Residues interacting with the 
DNA are boxed in shaded squares, residues in shaded circles are within 4 Â from the
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Figure 7: Structural alignment o f the nucleic acid binding OB-fold domains (1-26). All 
residues aligned in Figure 4 are now indicated in upper case. Residues with which the 
alignment is subsequently extended are indicated in italic upper case. The latter residues 
are not topologically identical with the other residues in their column. The middle o f each 
loop was estimated to cut the sequence to get the 5 panels in this figure. The 3 classes of 
binding residues are indicated (see text for definition o f the classes). The first class is given 
in the black squares, the second class in gray squares, and the third class in gray circles. 
Data on binding residues was not present in the literature for all structures.
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nucleic acids. In the other cases, the nucleic acid is found at quite different positions. This 
is exemplified by the domain 2 of the subunit A of the telomere binding protein (TEBP-A2) 
complexed to DNA (Horvath et al., 1998) (domain 19 in table I, figure 5 and 7). The DNA 
binds at the back of the domain and not between L12 and L45, as can been seen in figure 9B. 
The secondary structure of the domain is presented in figure 9D with the residues involved 
in binding (shaded boxes) and those within 4 Â (shaded circles) of the nucleic acid 
indicated. Comparison between figure 9B and D gives an indication of how the different 
binding site positions result in scattering of residues involved in binding (Figure 7).
Figure 8: The four most occupied positions o f the nucleic acid in the 12 structures o f OB-fold 
domains solved in complex (indicated by "y " in the last column) in the superposition. CSD is given 
as a reference molecule in ribbon representation. Site A is the most preferred.
The class of proteins with the binding site at the preferred position between L12 
and L45 have certain elements in common: the residues involved in binding are frequently 
present at the C-terminal end of ß1 and ß4, the N-terminal of ß2 and ß5, and the middle of 
ß3. The reason why the binding residues are not at equivalent positions, (which also 
contributes to the scattered appearance in figure 7) is that the ß-hairpins forming L12 and
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L45 differ in length. For strand 1 in figure 7, the effect of this can clearly be seen. The ß- 
hairpins corresponding to L12 in the M13 and Pf3 gene-V proteins and in the RPA subunits 
are appreciably longer than those in the cold shock domains, resulting in nucleic acid 
interactions with residues in different spatial positions. In general, we may conclude that 
nucleic acids do not bind to spatial conserved residues (spatial equivalence as defined in the 
present approach) even when we restrict the analysis to systems in which the nucleic acid 
binding site is located between Lj2 and L45. Still, the architecture of this binding site may be 
quite similar, as exemplified by the examples in figure 1A, B.
The role of loops L12 and L45 can be discussed in more detail when the binding site 
is situated between them. In many proteins, where the nucleic acid binding site is 
completely formed by one monomer and situated between L12 and L45, L45 folds towards 
the core and onto the nucleic acid in the protein-nucleic acid complex (D. Suck, 1997; 
Bochkarev et al., 1997; Bochkarev et al., 1999). The length of this loop also varies between 
the domains compared. For example, in CSD and Csps, the ß-hairpin between ß4 and ß5 is 
quite short and its flexibility allows the loop residues to interact easily with the nucleic 
acids (Kloks et al., 2002) (Figure 1B). In RPA70-N and RPA70-C, this ß-hairpin is much 
longer and is able to move towards the core so that it embraces the DNA in the complex 
(Bochkarev et al., 1997; Bochkareva et al., 2002) (Figure 9A, E). If the binding site is 
composed of residues from different domains, other parts of the proteins can fold towards 
the nucleic acid to keep it in place, or as in the case of the gene-V proteins, the L45 loop 
hardly moves, but the binding site of one monomer is completed by L45 of the other 
monomer (Figure 1A: Arg65 of the other monomer is colored in a different shade of gray 
than the Arg65 residue of the same monomer). Lj2 interacts with the nucleic acid in a more 
rigid way. Bochkarev et al. (1999) suggested that the length of Lj2 is directly correlated to 
the strength of binding to DNA (as seen for the replication protein domains). They argued 
simply that the longer L12, the stronger the binding to the nucleic acid, because more 
hydrogen bonds with the nucleic acid can be supported by a longer loop.
Combining the structural observations with those of the distribution of the binding 
residues, we can say that if one finds binding residues at the C-terminal end of ß 1, the N- 
terminal end of ß2, the middle of ß3, at the end of ß4 and the beginning of ß5, then binding 
takes place between L12 and L45. If one does not find this combination of binding residue 
patterns, the binding site is situated elsewhere. In these cases, the binding site is not present
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Figure caption, see next page
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Figure 9:. A) The N-terminal domain o fRPA in complex with ssDNA. B) Domain 2 o f the A-subunit 
o f telomere binding protein subunit A in complex with DNA C) Secondary structure o f the N- 
terminal domain o f RPA. The residues found to interact with the DNA-strand in the X-ray study are 
indicated by squares. Residues less than 4 Ä  apart from the nucleic acid are indicated by circles. 
D) Secondary structure o f domain 2 o f the A-subunit o f telomere binding protein subunit A. The 
residues found to interact with DNA in the X-ray study are indicated by squares. Residues less than 
4 Ä  apart from the nucleic acid are indicated by circles. E) The complete RPA-protein. The N- 
terminal domain is in the circle and L 12 is indicated in black and L 45 in dark gray. The site between 
L 12 and L45 is clearly accessible. F) The complete telomere binding protein. Domain 2 o f the A- 
subunit is captured in the circle, L 12 is indicated in black andL45 in dark gray. The site between L 12 
and L45 is clearly not accessible, because o f obstruction by other parts o f the protein.
between L12 and L45, this position is blocked by structural elements of the protein 
(subdomains or subunits of the protein). This can be seen for TEBP-A2 in figure 9F. We 
see that the nucleic acid binds at the back of this domain (Figure 9B, back defined in figure 
2B) and not between L12 and L45. This OB-fold domain is surrounded by other domains in 
the complete protein (Figure 9F). The TEBP-protein has a crevice in which the DNA binds 
(Figure 9F). The OB-fold domain in question (domain 2 of subunit A) is situated at the 
bottom of this crevice, and the space between its L12 and L45 is not accessible to the DNA. 
In the other case, when the site is present between Lj2 and L45, the space between the loops 
was easily assessable to the nucleic acid in the complete protein structure, as in RPA-70N 
(Figure 9E). Using information about the distribution of the binding residues, we may be 
able to predict the position of the binding site in other proteins. For example, for Y-box 
proteins, we see that the binding residues of the central DNA-binding domain (the cold 
shock domain) are positioned at the same positions as in RPA, but the loops are very 
different in length (cf. Figure 10). This means that the substrate of CSD may access the 
binding site freely, unhindered by other parts of the protein. Structural studies on the 
complete Y-box protein are needed to confirm or deny this prediction. For all other proteins 
in figure 7, the structure of the complete protein has been determined and it supports this 
hypothesis.
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Figure 10: Secondary structure o f CSD. The residues predicted to bind are boxed, and residues that 
present possible extension o f the binding site have dashed boxes. The residues that have chemical 
shift changes upon DNA-binding in NMR-experiments are shaded in gray.
Structural alignment extended to OB-fold proteins that do not bind nucleic acids
Structural alignment of OB-fold proteins can be extended to proteins that do not 
bind nucleic acids. The results can be found in Figure 5. Alignment could not be obtained 
for protein numbers 30 to 34 in Table II. For the remaining proteins, the same features as 
for the nucleic acid binding proteins were observed, i.e. conservation of the ß-bulge in ß1 
and the conservation of the GXV and the GXXVXV motifs. There are exceptions, (proteins 
AP and hlETB) just as for the nucleic acid binding proteins, with similar causes.
Five of the proteins that could not be incorporated in Figure 5, i.e. numbers 30 to 
34, are toxins. It turns out, however, that mutual alignment of the toxins works well. Thus, 
surprisingly, only alignment of verotoxin and antifungal protein with the nucleic acid 
binding OB-folds could be achieved. The reason may involve a structural difference in the 
barrel structure of the two classes of proteins. For the toxins, the angle between the sheet 
formed by the second half of strand 1 and strands 2 and 3 and the other sheet, formed by the 
first half of strand 1 and strands 4 and 5 (see Structural Background and Figure 1A), is 
about 45°, while in the nucleic acid binding OB-folds it is close to 90° (Figure 11). 
Therefore the toxins look more “thick set”, as if they have been squeezed a little. This 
impairs the alignment, because in the procedure strand hopping may take place easily. A 
further understanding of this effect has to account for the shear number of 10 obtained for
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verotoxin as well (A.G. Murzin, 1993; Murzin et al., 1994b). This value suggests that 
alignment would be expected to be easy.
barrel axis
Figure 11: Front view o f  ribbon representation o f  a manual superposition o f  verotoxin (light) and 
CSD (dark).
Comparison of the OB-fold and RNP-fold members
Comparison of the architecture of the nucleic acid binding sites of the gene-V 
protein from phage Pf3, CspA of E. coli and the human U1A protein in figure 1 indicates a 
remarkable similarity between the OB-fold proteins and the RNA-binding domain (RBD, 
also known as RNP). This had already been noticed by Graumann & Marahiel (1996). 
Using the structural alignment procedure, we are in a position to make a more quantitative 
comparison. We considered the RNP-fold proteins listed in Table III and compared them 
with the CSD domain (number 14 in table I), the reason being that the cold shock domain 
contains the RNP-1 and RNP-2 binding motifs, just as the RNP-fold members.
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CSD could be structurally aligned with the snRNP U1A protein, but alignment 
with the other RNP-fold proteins was much harder. Since the OB-fold family itself already 
lacks homology and the RNP-fold proteins (except U1A) were difficult to superpose on 
CSD, the comparison was restricted to U1A and CSD. The other RNP-fold proteins from 
table III were sequentially and structurally aligned to each other to complete the 
comparison. In the sequence alignment, the RNP-motifs aligned well and considerable 
homology was found (data not shown). IF3 could not be structurally aligned because of the 
different curvature of the ß-sheet. The a-helices of S6 and acyl phosphatase exhibit very 
different orientation with respect to the ß-sheet surface and are therefore difficult to 
superpose.
In the superposition of CSD and snRNP U1A, the RNP-motifs in the two proteins, 
and the ß-sheet surfaces show an excellent structural overlap (Figure 12A and B). Similar 
results were also suggested on the basis of studies of the model structures of the third RNP- 
domain of nucleolin and the cold shock domain of FRG Y2 (Manival et al., 2001). The two 
a-helices in the RNP-fold may serve as a scaffold for the binding surface, like the reverse 
side of the OB-fold barrel. The occurrence of RNP-motifs in 4 OB-fold containing proteins 
could be related to the similarities in the substrate sequences. For example, the U1A protein 
binds specifically to the single stranded part of a hairpin with sequence AUUGCAC, while 
the Y-box proteins, containing the cold shock domain, bind specifically to single stranded 
DNA containing ATTGG (even though the CSD alone was shown to have a preference for 
pyrimidine rich sequences (Kloks et al., 2002)).
Figure 12 (next page) : A) Side view o f the superposition o f RNP-fold protein U1A and OB-fold 
domain CSD. The DNA-binding ß-sheet surface is given in black and white fo r  CSD and U1A, 
respectively. The rear o f the two proteins, which serves as a scaffold fo r  the binding surface, is 
given in two shades o f gray. B) The front view o f the structural overlay o f U1A and CSD shows how 
well the ß-sheet surface superimposes. C) The binding residues o f the two proteins, indicated by 
sticks, overlay almost perfectly.
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Conclusions
The first question we posed is: “Is there a common binding site among nucleic 
acid binding OB-fold proteins at an identical position and with similar amino acid content?” 
In our study, we could not identify a common binding site, but in a large number of the 
studied proteins, the binding site is positioned between L12 and L45, with binding residues in 
L12, at the C-terminus of ß3 and in L45. In the other OB-fold proteins, the binding site is
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positioned elsewhere and in those cases access to the surface between L12 and L45 is 
sterically obstructed by other parts of the entire protein. This changes the functions of the 
different topological parts of the fold. What the binding sites of the studied OB-fold 
proteins have in common is that they are formed by a ß-sheet surface flanked by loops, 
which forms the nucleic acid binding site, but the binding sites have low sequence 
homology, just like the complete domains.
Our second question was: “Which structural features are important for the nucleic 
acid binding in the OB-fold?” This question is not so easy to answer. The OB-fold 
containing proteins bind to a wide variety of substrates and they have different binding site 
properties to be able to bind to their specific substrate. The number of residues involved in 
binding, their physicochemical characteristics and their positions may vary. The loops on 
which binding residues are present vary in length. In some cases, other parts of the protein 
are part of the binding site in addition to the OB-fold domain.
Our third question was: “Are the members of the OB-fold evolutionarily related?” 
This question can be answered positively. The OB-fold domains studied are all ß-barrel 
folds with conserved hydrophobic interactions in the core. The conserved hydrophobic 
residues in the core define the fold of the protein family. These conservations could not be 
detected by sequential alignment, but only by structural superposition of a large number of 
protein family members. An additional conserved feature is a ß-bulge in ß1. The surface 
residues of the protein family are not conserved, which reflects the wide variety of function 
and nucleic acid substrates of the individual proteins. The reason why nature chooses this 
fold so often to fulfill the wide range of functions observed remains unclear.
Our fourth question was: “Do relationships exist between the OB-fold and the 
RNP-fold?” Even though, similarities between the binding sites and their motifs of a few 
members of the RNP-fold and OB-fold protein family have been observed, no apparent 
relationship seems to be present between the two folds. The RNP-motifs found in the 
binding sites of the RNP-fold proteins are present in only four of the OB-fold containing 
proteins studied. The presence of the motifs in these latter proteins could be related to the 
similarities in their substrate sequences and the sequences of the RNP-fold protein 
substrates. Therefore, the occurrence of the RNP motif among the OB-fold proteins could 
be due to convergent evolution with the RNP proteins.
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Additionally, the lack of homology implies that structures of other members of this 
protein family can not be determined by use of homology modeling but still have to be 
determined by NMR or X-ray diffraction.
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Appendices
Appendix 1: Assignments
Table 1 : Description of the NMR experiments used to assign the resonances of YB-1 CSD. 
The experiments marked with an asterisk are based on magnetization transfer through 
space, while the other experiments are based on magnetization transfer through bonds.
Experiment Description
15n -h s q c 2D experiment correlating the resonances o f 15N and its attached proton.
CBCA(CO)NH 3D experiment correlating 15N and HN resonances o f  the backbone amide with the C a 
and C ß resonances o f  the previous residue in the peptide chain.
CBCANH 3D experiment correlating 15N and HN resonances o f  the backbone amide with the C a 
and C ß resonances o f  the same residue and of the previous residue in the peptide chain.
HBHA(CO)NH 3D experiment correlating 15N and HN resonances o f the backbone amide with the Ha 
and Hß resonances o f the previous residue in the peptide chain.
C(CO)NH-TOCSY 3D experiment correlating 15N and HN resonances o f the backbone amide with the 
resonances o f all carbon atoms of the previous residue in the peptide chain.
H(CCO)NH-TOCSY 3D experiment correlating 15N and HN resonances o f the backbone amide with the 
resonances o f all protons o f the previous residue in the peptide chain.
15n -n o e s y -h m q c * 3D experiment correlating 15N and HN resonances o f the backbone amide with the 
resonances o f all protons in the close vicinity (distance < 5 Â). This experiment can be 
used to determine atomic distances.
HNHA 3D experiment correlating 15N and HN resonances o f the backbone amide with the 
resonance o f Ha belonging to the same residue. This experiment can be used to 
determine the torsion angle between HN and Ha.
HNCO 3D experiment correlating 15N and HN resonances o f the backbone amide with the 
resonance o f the carbonyl carbon atom o f the previous residue in the peptide chain.
13c -n o e s y -h m q c * 3D experiment correlating the resonances o f carbon atoms with their attached protons 
with resonances o f  all protons in the close vicinity (distance < 5 Â). This experiment can 
be used to determine atomic distances.
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Table 2: Chemical shifts (ppm) of the native state of the cold shock domain of human YB-1
Attached protons between brackets.
residue 15N a CO C a Cß Others
M et1 35 .616  (2 .270) C y 31 .962  (2 .543 , 2 .543) 
C e 16.941 (2 .103 , 2 .103)
L ys2 56.293 (4 .456) 33 .425 (1 .638 , 1 .747) C y 25 .556  (1 .436 , 1.484) 
CS 29 .4 0 4  (1 .434 , 1.434) 
C e 4 2 .3 2 7  (2 .980 , 2 .980)
Lys3 123.660 (8 .552) 175.500 56 .476  (4 .214) 33 .738 (1 .771 , 1 .668) C y 24 .808 (1 .280 , 1.280) 
CS 29 .3 8 7  (1 .416 , 1.416) 
C e 4 2 .0 7 4  (2 .946 , 2 .946)
V al4 125.173 (8 .494) 176.594 63.541 (4 .095) 32 .1 8 2  (1 .966) C y1 21 .633  (0 .961)  
C y2 21 .633  (0 .805)
Ile5 127.418 (9 .200) 176.190 62.275 (4 .148) 39 .198  (1 .689) C y1 2 7 .7 1 7  (1 .428 , 1.065) 
C y2 13.031 (0 .913)
CS 13.031 (0 .807)
A la6 121 .8 8 4  (8 .103) 175.294 52.278 (4 .607) 22 .299  (1 .277)
Thr7 112 .374  (8 .312) 173.193 59 .106  (5 .004) 71 .703  (3 .977) C y2 21 .793  (1 .056)
Lys8 122 .874  (8 .817) 174.805 57 .352  (3 .444) 30 .349  (1 .672 , 1 .918) C y 25 .533 (1 .333 , 1.333) 
CS 29 .2 7 7  ( 1 .6 2 9 , 1.629) 
C e 42 .2 3 2  (2 .991 , 2 .991)
V al9 121.532 (8 .855) 174.416 61 .365  (3 .858) 32 .4 7 6  (1 .086) C y1 22 .8 5 2  (0 .750)  
C y2 22 .1 4 0  (0 .415)
Leu10 122.006 (7 .700) 178.396 5 3 .0 3 7  (5 .458) 44 .363  (1 .419 , 1 .742) C y 27 .3 7 7  (1 .426)  
CS1 2 5 .19  (0 .931)  
CS2 23 .95  (0 .883)
Gly11 109.160 (9 .191) 179.396 45 .7 1 0  (4 .926 , 3 .7 8 0 )
Thr12 113.420 (8 .638) 6 0 .3 8 7  (5 .129) 7 1 .7 5 4  (3 .897) C y2 21.121 (1 .127)
V al13 127.975 (9 .180) 6 4 .8 9 7  (3 .540) 3 1 .4 7  (2 .330) C y1 2 1 .1 7  (0 .544)  
C y2 22 .35  (0 .740)
L ys 14
Trp15 174.133 55.928 (4 .772) 30 .870  (3 .532 , 3 .3 1 6 ) N e  129.243 (1 0 .3 2 4 ) 
CZ2 115.225 (7 .631) 
C n 2  123.713 (7 .337) 
CS1 (7 .111)
P he16 120.033 (8 .845) 5 9 .1 9 4  (4 .290) 4 2 .4 5 7  (2 .455 , 2 .948)
A sn 1 7 51.771 (4 .878) 3 9 .36  (2 .578 , 2 .760) N S2 112.526 (6 .694 , 6 .694)
V al18 177.441 6 5 .1 7 7  (3 .735) 3 2 .0 1 4  (2 .154) C y1 21 .3 0 6  (1 .1 .47)  
C y2 (1 .038)
A rg19 120.155 (8 .033) 177.918 58 .800  (4 .074) 2 9 .6 2 7  (1 .871 , 1 .871) C y 27 .228 (1 .705 , 1.646) 
CS 43 .235  (3 .218 , 3 .218)
A sn20 114.409 (7 .752) 175.868 53.355 (4 .723) 3 9 .0 8 7  (2 .086 , 2 .7 9 8 )
Gly21 108.872 (8 .077) 46 .8 4 9  (3 .620 , 3 .9 2 4 )
T yr 22 175.240 5 5 .4 6 4  (4 .931) 4 1 .1 9  (2 .756 , 2 .289) CS 134.108 (6 .831) 
C e 117.980 (7 .009)
G ly23 106.060 (8 .052) 178.905 4 5 .3 3 7  (3 .781 , 2 .8 9 3 )
P h e2 4 114.468 (7 .743) 174.618 5 6 .8 3 7  (5 .134) 4 4 .7 7 6  (2 .151 , 2 .516)
Ile25 121.056 (9 .266) 173.850 59.603 (4 .137) 41 .3 2 2  (0 .903) Cy1 2 7 .4 4 7  (1 .175 , 0 .292) 
Cy2 19 .257  (0 .2 2 3 )
CS 13.363 (-0 .2 0 8 )
A sn26 127.039 (9 .283) 174.884 53 .612  (5 .334) 41 .858  (2 .524 , 2 .7 0 5 ) N S2 111 .437  (8 .299 , 6 .012)
A rg 2 7 126.875 (9 .152) 177.343 5 8 .0 3 7  (4 .215) 32 .038 (2 .858 , 2 .0 4 9 ) C y 27 .8 8 4  (1 .813 , 2 .192)  
CS 44 .348  (3 .203 , 3 .132)
A sn28 121.600 (9 .529) 175.891 54 .982  (4 .535) 3 7 .5 3 4  (2 .765 , 2 .9 4 4 ) N S2 108.672 (7 .436 , 6 .867)
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A sp29 116.426 (8 .864) 178.267 55.488 (4 .501) 38 .985 (2 .817 , 2 .9 0 7 )
Thr30 109.313 (8 .620) 175.772 61.293 (4 .383) 70 .580  (4 .332) C y2 21 .865  (1 .064)
Lys31 114.845 (7 .808) 176.593 5 6 .7 9 4  (4 .582) 28 .160  (2 .178 , 2 .1 1 5 ) C y 24 .7 9 7  (1 .439 , 1.280) 
CS 28 .06  (1 .752 , 1.666) 
C e 42 .7 2 0  (3 .105 , 3 .105)
G lu32 117.870 (7 .217) 176.103 55.213 (4 .457) 32 .932  (1 .721 , 2 .0 4 4 ) C y 36 .8 2 7  (2 .226 , 2 .226)
A sp33 122 .194  (8 .656) 177.108 54.333 (5 .451) 4 1 .8 6 4  (2 .310 , 2 .5 3 1 )
V al34 121.449 (9 .680) 174.420 60 .8 5 0  (4 .475) 34 .9 4 6  (1 .886) C y1 21 .745  (0 .934)  
C y2 21 .745  (0 .934)
P he35 127.409 (8 .390) 181.000 58 .960  (3 .860) 4 0 .4 5 6  (2 .868 , 3 .137) CS 129.372 (7 .003) 
C e 130.409 (6 .886) 
CZ 128.262 (6 .597)
V al36 123.438 (7 .663) 178.693 58 .0 5 2  (4 .634) 34 .3 1 9  (1 .429) C y1 2 3 .2 7 7  (0 .607)  
C y2 18.213 (0 .409)
H is37 126.658 (8 .691) 176.844 56.031 (4 .798) 3 4 .2 2 4  (2 .986 , 3 .1 8 9 ) NS1 (7 .006)
Ce1 138.476 (7 .983)
G ln38 123 .837  (8 .182) 177.443 59 .136  (3 .912) 28 .380  (1 .951 , 2 .2 1 8 ) C y 32 .6 8 4  (2 .327 , 2 .327) 
N e2  110.730 (7 .461 , 6 .781)
Thr39 111.541 (9 .085) 175.494 64.258 (4 .183) 6 9 .9 9 4  (4 .470) C y2 2 3 .1 7 4  (1 .559)
A la40 123.190 (8 .272) 176.847 5 2 .5 4 7  (4 .562) 20 .858 (1 .637)
Ile41 117.983 (7 .277) 175.977 61.853 (3 .968) 37 .485  (1 .821) C y1 27 .418  (1 .415 , 0 .579)  
C y2 17 .650 (0 .680)
CS 13.139 (0 .329)
L ys42 129 .764  (8 .864) 174.250 56 .399  (4 .300) 32 .915 (1 .638 , 1 .800) C y 24 .855 (1 .413 , 1.413) 
CS 29.141
Lys43 122.069 (8 .193) (4 .190)
A sn 4 4 174.613 53 .402  (4 .655) 38 .778 (2 .781 , 2 .7 8 3 )
A sn45 119.142 (8 .200) 51 .286  (4 .971) 39 .309  (2 .886 , 2 .7 2 3 )
P ro46 177.382 64 .390  (4 .297) 32 .270  (2 .307 , 1.945) C y 27 .198 (1 .988 , 1.988) 
CS 50 .8 9 7  (3 .787 , 3 .787)
A rg 4 7 116.818 (8 .051) 176.478 56.545 (4 .248) 30.331 (1 .790 , 1 .719) C y 27 .516
CS 4 3 .2 6 0  (3 .194 , 3 .194)
Lys48 119 .394  (7 .787) 56 .365 (4 .253) 33 .135 (1 .825 , 1 .651) C y 24 .912  (1 .280 , 1.199) 
CS 29 .313  (1 .621 , 1.621) 
C e 42 .085  (2 .921 , 2 .921)
Tyr49 120.060 (7 .865) 175.516 57 .912  (4 .506) 38 .486  (2 .994 , 2 .9 9 4 ) CS 133.228 (7 .053) 
C e 118 .407  (6 .769)
Leu50 122.870 (7 .908) 176.574 54 .846  (4 .274) 42 .5 2 9  (1 .478 , 1 .478) C y 26 .889  (1 .396) 
CS1 2 5 .19  (0 .825) 
CS2 23 .95  (0 .7 7 2 )
Arg51 121.668 (8 .217) 175.562 5 6 .4 6 7  (4 .191) 30 .632  (1 .809 , 1 .809) C y 27 .236  (1 .606 , 1.606) 
CS 4 3 .4 5 7  (3 .189 , 3 .189)
Ser52 173.656 57.583 (4 .207) 6 4 .3 9 4  (3 .671 , 3 .6 7 1 )
V al53 174.593 60 .0 4 2  (4 .190) (1 .666) C y1 21 .88  (0 .399)  
C y2 21 .88  (0 .399)
G ly54 109.718 (8 .228) 181.122 44 .398  (4 .226 , 3 .6 8 9 )
A sp55 119.999 (8 .350) 177.731 5 5 .7 7 4  (4 .041) 40 .0 8 2  (2 .594 , 2 .6 7 6 )
G ly56 111.335 (8 .808) 174.188 45 .6 0 2  (4 .221 , 3 .6 7 5 )
G lu57 120.631 (7 .797) 176.189 5 7 .0 3 7  (4 .243) 3 0 .7 4 4  (1 .916 , 2 .0 3 8 ) C y 36 .455 (2 .230 , 2 .230)
Thr58 120.330 (8 .590) 174.300 63.043 (5 .115) 69.381 (4 .066) C y2 2 1 .7 9 4  (1 .280)
V al59 118 .354  (8 .877) 172.883 58 .6 1 6  (4 .981) 3 5 .9 7 4  (2 .152) C y1 22 .6 7 6  (0 .595)  
C y2 18.661 (0 .497)
G lu60 121.838 (8 .696) 175.256 54.315 (5 .607) 34 .329  (1 .674 , 1 .861) C y 37 .7 4 4  (2 .028 , 1.869)
Phe61 120.120 (8 .932) 180.439 55 .989  (5 .153) 41 .0 1 8  (3 .148 , 3 .148) CS 133.228 (7 .017) 
C e 130 .014  (6 .757) 
CZ 127.800 (6 .671)
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A sp62 116.561 (8 .867) 175.414 52 .330  (5 .205) 43 .018  (2 .403 , 2 .8 2 9 )
V al63 120.585 (9 .052) 175.428 6 1 .8 2 4  (4 .879) 33 .303  (1 .874) C y1 22.631 (1 .041)  
C y2 22.631 (0 .914)
V al64 122.003 (9 .549) 174.564 58 .6 1 2  (5 .242) 35.371 (2 .029) C y1 21 .6 8 0  (0 .836)  
C y2 19 .792 (0 .781)
G lu65 121.765 (8 .704) 176.102 56 .496  (4 .406) 31 .075  (1 .913 , 2 .1 1 7 ) C y 36 .673 (2 .208 , 2 .208)
G ly 66 114.026 (7 .972) 174.756 43 .9 6 9  (4 .520 , 3 .9 1 8 )
G lu67 120.735 (8 .968) 178.045 59.318 (4 .030) 3 0 .0 0 4  (1 .994 , 1 .994) C y 36 .469  (2 .284 , 2 .284)
L y s 68 116 .484  (8 .740) 175.868 54.788 (4 .483) 3 2 .2 7 7  (1 .460 , 1 .848) C y 24 .823 (1 .163 , 1.163) 
CS (1 .361 , 1.431)
C e 4 2 .0 2 7  (2 .779 , 2 .779)
G ly69 107.960 (7 .389) 173.412 4 4 .2 4 4  (4 .441 , 3 .7 8 7 )
A la70 124.693 (8 .607) 177.841 52 .860  (4 .756) 19.311 (1 .427)
Glu71 120.582 (9 .417) 174.142 54 .376  (5 .336) 3 4 .0 0 7  (2 .172 , 2 .1 0 4 ) C y 36 .213 (1 .935 , 1.874)
A la72 122.371 (8 .835) 177.139 5 0 .8 2 7  (5 .268) 21 .175 (0 .992)
A la73 122.550 (9 .342) 175.696 50 .782  (4 .764) 2 4 .0 5 7  (1 .397)
A sn 7 4 118.032 (9 .251) 173.716 54.325 (4 .209) 3 7 .1 5 7  (2 .884 , 2 .8 8 4 ) N S2 115.608 (8 .209 , 6 .823)
V al75 117.135 (8 .272) 176.363 63 .063  (4 .483) 31.641 (1 .905) C y1 21 .688  (0 .643)  
C y2 21 .688  (0 .643)
Thr76 121.561 (9 .506) 173.747 60 .506  (4 .737) 7 1 .5 3 4  (4 .257) C y2 2 0 .2 2 4  (1 .209)
G ly77 108.796 (8 .257) 44 .565  (4 .615 , 3 .8 6 4 )
P ro78 176.646 63 .360  (4 .453) 32 .370  (2 .025 , 2 .155) C y 27 .260  (2 .079 , 1.883) 
CS 4 9 .8 9 6  (3 .767 , 3 .658)
G ly79 115.285 (8 .219) 46 .4 3 2  (3 .201 , 3 .2 0 1 )
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T able 3 : Chemical shifts (ppm) of the unfolded state of the cold shock domain of human
YB-1
residue 15N a CO C a Cß Others
Lys3 123.983 (8 .560) 56 .476  (4 .214)
V al4 62 .22  (4 .18)
Ile5 125 .984  (8 .306) 60 .70
A la 6 129.010 (8 .407) (1 .41)
V al9 123.425 (8 .145)
Leu10 122.150 (8 .333) CS1 (0 .7 1 )
G ly  11 108 .537  (8 .207)
G ly  11 109.48 (8 .32)
Thr12 113.90 (8 .00)
Trp15 N e  129 .384  (1 0 .0 9 4 ) 
CS1 (7 .1 3 )
P h e  16 (7 .91)
A rg  19 120.022 (8 .056)
Ile25 (8 .05) CS (0 .73 )
A sn26 N S2 (7 .57 , 6 .91 )
A rg 2 7 (8 .35)
A sn28 (8 .49)
A sp29 (8 .30) 5 4 .4 3  (4 .66) 41.21 (2 .74 , 2 .83 )
Thr30 114.023 (8 .05) 61.93 6 9 .94
Lys31 123.152 (8 .302)
G lu32 121.25 (8 .36)
A sp33 (8 .36) 5 4 .4 3  (4 .58) 41.21 (2 .66)
V al34 119.185 (7 .900)
P he35 122.48 (8 .21) 5 7 .8 6  (4 .74) 39 .50  (3 .07 , 2 .82)
V al36 121.32  (7 .89) (3 .99)
A la40 123 .190  (8 .272) 5 2 .5 4 7  (4 .562) 20 .858  (1 .637)
Ile41 114 .747  (8 .156) 5 6 .6 4  (3 .81) 19.32
L ys42 129.775 (8 .801) 56 .399  (4 .300)
L ys42 129 .264  (8 .826) (4 .28) 32.93
Leu50 (8 .1 1 )
G ly54 4 4 .4 0  (4 .26 , 3 .73)
A sp55 120 .104  (8 .316) 5 4 .6 4  (4 .03) 41 .20
G ly56 109.079 (8 .357) 45 .58  (4 .14 , 3 .90)
G lu57 120.313 (8 .187) 5 6 .47 30.73 C y 36.43
Thr58 115.682 (8 .330) C y2 (1 .24)
V al59 ( 8 .2 2 )
G lu60 124 .084  (8 .331) 4 5 .4 6  (4 .38)
Phe61 120.686 (8 .229)
A sp62 5 4 .10  (4 .21)
V al63 120 .3 3 4  (8 .082) 62 .29
V al64 124.095 (8 .223) 62 .23  (4 .12) (2 .03) C y1 (0 .89 )
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G lu65 124 .817  (8 .462) 5 6 .8 7  (4 .26) 3 0 .66  (2 .08) C y (2 .23)
G ly 66 109.922 (8 .257) 45 .56
G lu67 (8 .27) 5 6 .6 7  (4 .32) 3 0 .44 C y 36.43
L y s 68 5 6 .70  (4 .34) 3 3 .00  (1 .87) C y 25.28
G ly69 110.096 (8 .436) 4 5 .3 9  (3 .90 , 3 .90)
A la70 123.755 (8 .167) 5 2 .7 4  (4 .30) 19.36
Glu71 121 .627  (8 .359)
Glu71 119.68 (8 .46) 5 6 .8 7  (4 .24) 30.21 (2 .10 , 1.98) C y 36 .39  (2 .27)
A la72 124 .674  (8 .197) 5 2 .5 6  (4 .29) 19 .34  (1 .43 )
A la73 122 .547  (8 .148) 52 .59 19.39
A sn 7 4 118.058 (9 .291)
A sn 7 4 117 .824  (8 .33) N S2 (7 .56)
V al75 122 .04  (9 .55) 65 .52  (4 .26) 32 .76
Thr76 (8 .2 2 ) 6 1 .80  (4 .41) 70.03
G ly  77 44.71
P ro78 63.45  (4 .453) 32 .35  (2 .07 , 2 .27) C y 27.33
CS 4 9 .8 9 6  (3 .66 , 3 .58 )
P ro78 6 3 .10  (4 .64) 34 .56
P ro78 6 2 .50  (4 .77) 34 .90
G ly79 115 .347  (8 .015) 4 6 .3 6  (3 .75)
G ly79 116.715 (8 .240) 46.41 (3 .76)
G ly79 116.806 (8 .410) 46.41 (3 .59)
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Appendix 2: Relaxation data
The data in Table 1 to 4 were recorded using standard experiments.*: Trp15 side chain.
Table 1: Relaxation data of the native state of the CSD of human YB-1 at 11.7 T.
Residue T1 (ms) ATI (ms) T ip  (ms) A Tip (ms) XNOE AXNOE
Lys3 524.101 29 .449 211.061 13.758 0 .156 0 .0 2 1
V al4 4 7 6 .1 2 7 26 .264 183.070 11.151 0 .4269 0.018
Ile5 4 5 1 .6 0 6 28 .044 162.352 9.323 0.6068 0 .034
A la 6 4 2 7 .6 2 9 26.398 153.403 8.641 0 .5900 0.019
Thr7 4 3 4 .7 9 7 28 .049 160.902 9.315 0 .6653 0 .0 2 2
L ys 8 401 .6 0 2 23 .8 2 4 146.504 8 .354 0 .6359 0 .027
V al9 408 .373 23.951 158.354 9.023 0.6271 0 .0 2 2
Leu10 438.631 28.223 155.635 8.863 0.6111 0 .0 2 2
G ly 11 407 .4 6 0 24 .000 138.982 7 .637 0 .6 4 0 4 0.028
Thr12 4 1 7 .9 0 4 24.041 144.637 8.053 0 .6449 0 .037
V al13 427 .7 2 0 26.743 141.829 7 .567 0.6391 0 .064
T rp15* 512 .5 0 4 27 .982 118.174 11.481 0 .6249 0.029
P h e  16 428 .928 25 .326 141.022 7.919 0 .6374 0 .037
A rg  19 449.551 28 .636 172.294 10.159 0.4791 0 .0 2 1
G ly 21 422 .0 5 9 25 .7 3 7 140.978 7.573 0 .6 1 8 4 0.029
G ly23 396 .629 22.931 104.884 5.441 0 .6302 0.080
Ile25 4 1 4 .4 9 7 23 .369 149.112 8.360 0.6783 0.035
A sn26 410 .3 3 0 23 .836 134.020 7 .250 0 .6 6 9 7 0.036
A rg 2 7 393 .880 23 .740 136.970 7 .490 0 .6762 0.026
Thr30 446 .873 28 .2 7 7 161.123 9.201 0 .6 3 4 7 0.023
Lys31 397 .266 23 .3 1 4 144.518 8.062 0 .6712 0.023
G lu32 432 .7 3 2 26.585 151.151 8 .524 0 .6089 0 .0 2 0
A sp33 4 4 5 .6 2 4 28 .2 7 7 167.801 9 .724 0 .6 2 2 4 0 .0 2 2
V al34 452 .3 6 9 27.101 155.899 8.912 0.6581 0.042
P he35 4 3 3 .1 2 4 26 .920 149.680 8.455 0 .6112 0.032
V al36 411 .013 23.872 144.687 8.079 0 .7159 0.030
H is37 383 .600 23 .812 127.496 6 .752 0 .6883 0.044
G ln38 418 .2 9 2 24 .749 157.322 8 .8 8 8 0.5749 0.023
Thr39 389 .2 4 7 24 .140 139.342 7.873 0 .6346 0.069
A la40 436 .6 5 3 28.316 163.607 9.468 0.4921 0 .0 2 1
Ile41 423 .798 25 .1 6 4 154.828 8.651 0 .6529 0.023
L ys42 4 1 3 .5 1 7 23.915 140.105 7 .594 0 .6 2 3 7 0 .037
Leu50 462 .0 3 0 26.301 175.997 10.628 0 .4406 0 .037
G ly54 488.861 27 .1 8 4 142.165 7.831 0 .4993 0.070
A sp55 479 .9 8 9 26 .4 3 4 169.321 9 .907 0 .5602 0 .0 2 2
G ly56 4 3 3 .2 3 4 27 .0 9 7 153.619 8.749 0 .6118 0.030
G lu57 405 .8 3 6 23.095 159.528 9 .129 0 .6500 0.023
Thr58 444 .8 2 0 28.318 143.841 8.056 0 .7 0 4 7 0 .027
V al59 411 .543 23.781 145.742 8.188 0.7513 0.033
Phe61 411 .4 0 6 23 .589 142.966 7.976 0.6591 0.029
V al63 4 3 6 .8 8 7 27.363 155.526 8.856 0 .6359 0 .024
V al64 425 .1 4 9 25.220 145.920 8 .1 2 0 0.6615 0.026
G ly 66 486.611 26 .806 189.907 11.589 0 .4 0 8 7 0 .0 2 0
T hr68 4 9 4 .7 1 7 26 .982 189.084 11.792 0 .4109 0.023
G ly69 565 .7 1 7 31 .7 8 7 237.051 17.166 0 .3569 0.016
A la70 4 8 0 .0 6 9 26.340 178.998 10.706 0 .5450 0.016
Glu71 441 .578 28 .159 157.989 9.111 0 .6103 0.025
A la72 429 .2 6 3 26.673 153.488 8 .804 0 .6466 0 .0 2 1
A la73 4 3 6 .6 9 7 27 .507 165.034 9.551 0.5975 0 .027
A sn 7 4 426 .725 26.263 160.858 9.278 0 .6440 0.027
V al75 433.581 26 .604 169.112 9.756 0 .5864 0 .027
G ly  77 459 .535 26 .8 5 7 163.707 9.323 0 .5688 0.036
G ly  79 674 .192 38.951 327 .179 28.186 -0 .0043 0.016
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Table 2: Relaxation data of the native state of the CSD of human YB-1 at 17.4 T.
Residue T1 (ms) ATI (ms) T ip  (ms) A Tip (ms)
Lys3 607 .009 34.688 182.406 10.654
V al4 622.681 3 5 .4 1 4 149.165 8 .2 2 1
Ile5 613 .435 34 .789 126.237 6.656
A la 6 572 .523 3 1 .7 3 7 117.279 6.095
Thr7 593 .3 7 4 33.540 127.602 6 .719
L ys 8 5 56.763 30.593 120.230 6.273
V al9 570 .712 32 .092 122.445 6.419
Leu10 634.691 36.120 120.893 6 .364
G ly  11 572 .006 31.396 119.996 6 .250
Thr12 590.598 32 .934 115.966 5 .916
V al13 575.241 3 1 .2 4 7 106.773 5.710
T rp15* 750 .3 6 7 38 .694 154.724 8.980
P h e  16 600.478 33.641 106.136 5.450
A rg  19 528 .070 29.050 126.294 6 .609
G ly  21 550 .880 30.441 111.960 5 .706
G ly23 - - - -
Ile25 601 .8 5 7 34.073 117.237 6.168
A sn26 588 .246 32.228 115.356 5.973
A rg 2 7 550.723 30.138 111.009 5.758
Thr30 597 .346 32.645 134.254 7 .154
Lys31 527 .670 28 .314 110.290 5 .716
G lu32 566.478 30.939 120.683 6 .316
A sp33 631 .7 0 4 35.520 128.468 6 .706
V al34 645 .089 36.203 128.446 6 .947
P he35 596 .2 7 7 34.293 105.092 5.358
V al36 562 .6 1 7 31 .056 104.245 5 .387
H is37 523 .589 28.212 105.978 5 .554
G ln38 547 .100 29.910 109.400 5.695
Thr39 494 .8 5 0 25.776 92.932 4.655
A la40 538 .685 29 .456 131.829 6.955
Ile41 587.925 32.175 119.755 6.168
L ys42 555.373 30.839 93.132 4.868
Leu50 522 .2 6 4 28 .544 101.249 5 .179
G ly54 - - - -
A sp55 609.555 33.650 131.421 6 .979
G ly56 620 .159 34.766 119.252 6.358
G lu57 562 .6 1 7 31.056 115.628 5 .966
Thr58 625 .1 3 7 35 .684 111.867 5.873
V al59 583.513 3 2 .5 1 4 113.478 5.940
Phe61 565 .960 30 .647 116.628 6.169
V al63 619 .8 0 4 35 .340 122.891 6 .417
V al64 582 .592 32.778 111.461 5.839
G ly 66 630.821 35.702 153.741 8.508
T hr68 602.238 33.472 146.494 7 .927
G ly69 695 .486 38.610 179.622 10.615
A la70 612 .6 9 0 34 .469 139.531 7.558
Glu71 612 .260 34.058 124.746 6.628
A la72 5 9 6 .0 7 4 33.071 120.572 6.320
A la73 611 .0 4 0 33.311 129.470 6.941
A sn 7 4 584 .209 32.000 130.876 6 .916
V al75 582 .5 3 7 31 .892 129.461 6.878
G ly  77 591 .752 32.805 122.511 6.465
G ly  79 744.225 37.746 262 .0 1 7 20.523
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Table 3: Relaxation data of the unfolded state of the CSD of human YB-1 at 11.7 T.
residue XNOE T1(ms) ATI (ms) Tip(m s) ATip(ms)
Lys3 0 .0889 515 .692 29.290 217 .1 2 4 13.910
Ile5 -0 .4 3 8 2 549 .4 8 4 30.301 351.695 31.895
A la6 -0 .1728 671.935 39.272 - -
V al9 0 .2075 625.321 36 .926 260.265 20.768
Leu10 0 .0729 579 .8 3 7 29 .777 221.451 14.965
G ly  11 -0 .1476 552 .510 33.449 159.214 8.802
A rg  19 -0 .0976 618 .8 3 7 33 .887 280 .112 22.358
Thr31 0 .0074 610 .0 3 4 32.190 363 .296 31.921
V al34 0 .1539 537 .940 29 .390 240 .040 17.159
A la40 0.3718 - - 156.731 10.219
Ile41 0 .0994 551 .146 30.428 243.538 17.736
L ys42 - 4 75 .8 6 2 22 .304 181.117 10.590
A sp55 0 .5727 4 8 5 .2 2 4 25 .8959 186.201 12.146
G ly56 0 .1186 611 .209 33.588 251.848 18.855
G lu57 0 .3126 496 .5 2 0 26 .054 225 .072 14.980
Thr58 - 559 .519 31.551 216 .5 9 4 14.079
G lu60 0.0791 534.538 27.019 203 .429 12.579
Phe61 0 .1849 533.758 28.413 217.451 14.091
V al63 0 .2176 518.215 28 .526 172.182 9 .897
V al64 0.1771 518.793 27 .059 189.463 9.811
G lu65 0 .1874 537.918 29.306 211 .460 13.305
G ly66 0.0581 591 .199 33.361 271.571 21 .7 9 7
G ly69 -0 .3110 704 .190 37.321 289 .319 23.811
A la70 0 .1 9 5 4 531.213 27.478 232.305 15.297
Glu71 -0 .0356 585 .299 31.872 300 .102 25.271
A la72 0 .2 3 4 4 595 .050 32 .676 329 .146 28.281
A la73 0.0110 603 .182 33.395 309 .896 25.549
A sn 7 4 0.5671 495 .4 4 2 30.043 115.943 6.001
G ly 79 -0 .8 5 8 4 1008.162 53.793 515 .996 66 .006
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Table 4: Relaxation data of the unfolded state of the CSD of human YB-1 at 17.4 T.
residue T1(ms) ATI (ms) Tip(m s) ATip(ms)
Lys3 612 .026 34.836 180.855 10.473
Ile5 6 1 0 .2 9 4 33 .539 197.353 12.248
A la6 661 .145 38.511 227.983 14.113
V al9 580 .7 8 4 31.985 215 .100 13.528
Leu10 583.648 32.041 195.288 11.782
G ly  11 528 .682 26 .944 233.283 17.466
A rg  19 578 .780 32.895 232.215 15.255
Thr31 629 .362 35.081 213.155 13.015
V al34 578 .5 2 4 32.445 204 .5 1 7 12.451
A la40 4 8 9 .1 4 6 27 .260 153.547 8.083
Ile41 578.455 32.653 185.382 10.919
L ys42 542.073 33.861 70.063 4 .900
A sp55 604.203 33.311 142.148 7 .932
G ly56 620.521 35.971 197.037 11.348
G lu57 560 .8 5 7 30 .887 163.223 9.023
Thr58 579.333 32.378 215 .206 13.182
G lu60 593 .1 8 7 33.309 153.957 8.018
Phe61 601 .452 32.585 170.348 9.650
V al63 610 .360 34.635 145.687 7.909
V al64 571.168 32 .116 149.074 8.011
G lu65 603 .392 33.682 161.270 9 .057
G ly66 630.871 35.289 207 .129 12.611
G ly69 580 .940 32.940 256 .2 6 4 19.221
A la70 562.111 3 1 .8 4 4 132.385 6.720
Glu71 617.461 35.775 231 .472 15.344
A la72 630 .278 35.551 244 .929 17.419
A la73 634 .0 2 2 36 .680 248 .762 18.009
A sn 7 4 671 .2 0 7 38.871 103.869 5 .270
G ly  79 1013.494 55 .517 496 .0 3 2 60.592
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Appendix 3: Additional information on the 26 OB-fold domains
Table: Additional information on the 26 OB-fold domains.
The abbreviations (A) are the same as in Table I. A reference is given for each structure. 
The biological unit (BU) is given. When the protein consists of hetero-multimers, the 
different subunits are indicated by different letters. In the final column the substrate is 
given. tRNA means that the codon of tRNA is bound by the protein. Note 1 : RuvA binds to 
Holliday junctions, which are partly single stranded and partly double stranded. Note 2: 
telomere DNA is single stranded.
n o. A References BU organism substrate
1 eSSB Webster et al., 1997 tetramer Escherichia coli ssDNA
2 M13 Prompers et al., 1995 dimer Bacteriophage M13 ssDNA
3 SN Alexandrescu et al., 1995 monomer Staphylococcus aureus ssDNA/ssRNA
4 hmtSSB Yang et al., 1997 tetramer Homo sapiens ssDNA
5 KRS Commans et al., 1995 
Onesti et al., 1995
dimer Escherichia coli tRNA
6 pDRS Schmitt et al., 1998 dimer Pyrococcus kodakaensis tRNA
7 eDRS Eiler et al., 1999 dimer Escherichia coli tRNA
8 RPA32 Bochkarev et al., 1999 ABC Homo sapiens ssRNA
9 RPA70-N Bochkarev et al., 1997 ABC Homo sapiens ssRNA
10 RPA70-C Bochkarev et al., 1997 ABC Homo sapiens ssRNA
11 TEBP-A1 Horvath et al., 1998 AB Oxytricha nova DNA telomere2
12 yDRS Ruff et al., 1991 dimer Saccharomyces
cerevisae
tRNA
13 PNP Bycrofìt et al., 1997 monomer Escherichia coli mRNA
14 CSD Kloks et al., 2002 monomer Homo sapiens ssDNA/RNA
15 CspA Schindelin et al., 1994 
Newkirk et al., 1994
monomer Escherichia coli ssDNA
16 CspB Schindelin et al., 1993 
Schnuchel et al., 1993
? Bacillus subtilis ssDNA
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17 RuvA Rafferty et al., 1996 
Nishino et al., 1998
tetramer Escherichia coli DNA1
18 IF5A Peat et al., 1998 monomer Pyrobaculum aerophilum mRNA/rRNA
19 TEBP-A2 Horvath et al., 1998 AB Oxytricha nova telomere DNA
20 Rho Briercheck et al., 1998 
Allison et al., 1998
hexamer Escherichia coli mRNA
21 TEBP-B1 Horvath et al., 1998 AB Oxytricha nova telomere DNA
22 IF1 Sette et al., 1997 monomer Escherichia coli RNA
23 DL Subramanya et al., 1996 monomer Bacteriophage T7 knicked DNA
24 Pf3 Folmer et al., 1997 dimer Bacteriophage Pf3 ssDNA
25 CAPP-C Hâkansson et al., 1997 monomer Chlorella virus PBCV-1 mRNA
26 FRS-B M osyak et al., 1995 A 2B 2 Thermus thermophilus tRNA
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Summary
The Y-box proteins are a highly conserved group of proteins present in bacteria, 
plants and animals. They are essential in regulating transcription and translation, and 
implied to couple these two important cellular processes. Their central domain, the so- 
called cold shock domain, is responsible for nucleic acid binding. It has a preference for 
binding to single stranded DNA enriched in pyrimidines and to a somewhat lesser extent 
for binding to ssDNA containing the Y-box sequence. Many comparisons between 
eukaryotic Y-box proteins and bacterial cold shock proteins (Csps) have been made. Based 
on their similarity in sequence and parallels in their functions, it has been proposed that 
eukaryotic CSDs have a structure and nucleic acid binding properties similar to the 
bacterial cold shock proteins. This thesis describes the first structural study of the 
eukaryotic domain, namely of the CSD of the human Y-box protein YB-1, YB-1 CSD. The 
goal of this thesis is to study the structural and binding properties, and the flexibility of the 
central domain of the Y-box proteins in relation to the complete Y-box proteins and other 
related proteins like the aforementioned Csps. These properties have to be surveyed before 
the mechanisms underlying the function of the proteins can be understood at a molecular 
level.
The principal method used for the investigation of the structural, dynamic and 
binding properties was high resolution nuclear magnetic resonance (NMR). First, a nearly 
complete sequence-specific assignment was made for the proton, carbon and nitrogen 
resonances of native YB-1 CSD based on a selective set of NMR-experiments (chapter 2 
and 3). One part of the domain, the loop connecting strand 3 and 4 (L34), proved very 
difficult to assign since most of its resonances are lacking in the spectra. The fact that the 
native YB-1 CSD is in equilibrium with its unfolded state also complicated the assignment 
of the NMR-signals (This equilibrium and the properties of the unfolded state were studied 
as well and will be discussed later in this summary). Nevertheless, the three-dimensional 
structure of the native domain could be elucidated. It is a 5-stranded anti-parallel ß-barrel, 
with strand order 5, 4, 1, 2, 3 (chapter 2 and 3). This fold is known as the Oligonucleotide/ 
oligosaccharide binding fold (OB-fold), and is found in many proteins with different 
functions and interaction partners, for example bacterial toxins, the initiation factors 1 and 
5, and the previously mentioned bacterial Csps. There are a few differences between the 
bacterial Csps and YB-1 CSD, namely L34 is four residues longer in YB-1 CSD and also its
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N-terminal strand is longer. DNA binding studies on the basis of NMR titrations and 
surface plasmon experiments showed that the YB-1 CSD has binding properties 
comparable to those reported for the bacterial cold shock proteins (chapter 3), with some 
protein-specific differences in the exact binding properties. The YB-1 CSD prefers to bind 
to pyrimidine-rich ssDNA, followed in affinity by ssDNA containing the Y-box sequence. 
The nucleic acid binding affinity of CSD is much weaker than that of the complete Y-box 
proteins. This means that the other two domains of the Y-box proteins play a role in binding 
as well. From the NMR titration experiments, the location of the binding site could be 
established. It is situated between the loops connecting strand 1 and 2 (Lj2) and strand 4 and 
5 (L45). The binding residues on this protein surface belong to the RNA-binding motifs 
RNP-1 and RNP-2. These motifs are also found in the bacterial Csps and RNA-binding 
protein domains.
In the next step, the dynamics of YB-1 CSD was studied (chapter 4). To be able to 
study the flexibility of the native CSD, it is necessary to distinguish between dynamics of 
the native state and a second state, which we called the unfolded state and the exchange rate 
between the two states. First, extensive assignments of the unfolded state of this domain 
have been made. Nearly all residues of the YB-1 CSD occur in at least two states. 
Secondly, the exchange rate between folded and unfolded state was determined by use of a 
T1-exchange experiment. The folding rate is reasonably constant over the entire protein, 
approximately 0.2 s-1, just as the unfolding rate, which is in the order of 0.5 s-1. The native 
domain has flexible termini, and two flexible loops, L12, L45 and one rigid loop connecting 
strands 2 and 3. The latter loop is proposed to have a structural function, while the other 
two loops are implied in DNA binding. The internal dynamics of CSD are comparable to 
those of the bacterial Csps, except loop Lj2, which seems to exhibit conformational 
exchange on the nanosecond time scale in Csps. The CSD is much less stable than the 
bacterial Csps even though their topology is equal. The relaxation parameters of the folded 
and unfolded state of CSD have been compared. When the chemical shift differences and 
the dynamics are taken into account, we hypothesize that the unfolded state of CSD 
contains residual structure.
The OB-fold family, to which YB-1 CSD and the Csps belong, contains proteins 
with a wide range of functions, ligands and oligomerization states. To extend the 
comparison of YB-1 CSD with related proteins, a structural superposition was made from
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protein structures of this family to discover possible common properties between the 
proteins and to see whether they are evolutionarily related (chapter 5). Sequence alignment 
of the protein family members showed no sequence homology. On the other hand, a 
conserved set of amino acids emerged from a structure superposition of the proteins that 
defines the core of the protein structures and thereby the complete fold. Furthermore, it was 
found that the location of the binding sites may vary for proteins in the family. In YB-1 
CSD the binding site position is the same as found for the majority of the studied proteins, 
i.e. on the surface between Lj2 and L45. This situation is occurs when the surface between 
the two loops is freely accessible to the nucleic acid, but the binding site position is found 
on other parts of the protein surface when the site between L12 and L45 is sterically shielded 
by other parts of the protein complex. In conclusion, the OB-fold has a conserved core with 
the binding site located at its surface. The position of the sites depends on the accessibility 
of the site. In the OB-fold protein family, the nucleic acid binding motifs found in YB-1 
CSD, the Csps and the Rho protein, i.e. the RNP-1 and RNP-2 motifs, are not commonly 
found. Therefore, an evolutionary relationship is not very likely between the OB-fold 
family and the ribonucleoprotein family (RNP), which are characterized by the presence of 
the RNP-motifs, even though the superposition between the RNP-protein U1A and YB-1 
CSD shows an exact alignment of the binding residues of these motifs. These similarities 
between the binding sites of the proteins can be caused by convergent evolution.
The work in this thesis provides a start for understanding the function of Y-box 
proteins at a molecular level by describing the structural and binding properties, and the 
flexibility of YB-1 CSD, including the parallels and differences between the eukaryotic 
cold shock domain and bacterial cold shock proteins in perspective with other proteins, like 
the OB-fold family and the RNP-protein family members.
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De Y-box eiwitten zijn zeer geconserveerde eiwitten, die aanwezig zijn in 
bacteriën, planten en dieren. Dat wil zeggen dat de eiwitten vrijwel dezelfde 
aminozuursamenstelling hebben in al de organismen waarin ze voorkomen. Ze zijn 
essentieel voor het reguleren van transcriptie en translatie. Het is zeer waarschijnlijk dat de 
eiwitten deze twee processen aan elkaar koppelen. Het centrale domein van deze eiwitten, 
het zogenaamde Cold Shock-domein, is verantwoordelijk voor het binden van 
nucleïnezuren. Het domein bindt bij voorkeur aan enkelstrengs DNA wat veel pyrimidines 
bevat en in iets mindere mate aan enkelstrengs DNA, dat de Y-box-sequentie bevat. 
Verschillende malen zijn de eukaryote Y-box-eiwitten vergeleken met de bacteriële Cold 
Shock-eiwitten (Csps). Op basis van de overeenkomsten in sequentie en functie tussen deze 
twee typen eiwitten wordt verondersteld, dat de eukaryote Cold Shock-domeinen een 
vergelijkbare structuur en bindingseigenschappen hebben als de bacteriële Cold Shock- 
eiwitten. Dit proefschrift beschrijft de eerste structuurstudie van het eukaryote domein, 
namelijk het Cold Shock-domein van het humane Y-box-eiwit YB-1, YB-1 CSD. Het doel 
van dit proefschrift is het bestuderen van de structuur, de bindingseigenschappen en de 
flexibiliteit van het centrale domein van de Y-box-eiwitten ten opzichte van de complete Y- 
box-eiwitten en andere verwante eiwitten, zoals de bacteriële coldshock-eiwitten. Dit zijn 
de eigenschappen, die onderzocht moeten worden voordat de onderliggende mechanismen 
van de functie van de eiwitten begrepen kunnen worden op een moleculair niveau.
Hoge resolutie nucleaire magnetische resonatie (NMR) is de voornaamste methode 
waarmee de structurele, dynamische en bindingseigenschappen zijn onderzocht. Ten eerste 
zijn de proton-, koolstof- en stikstofresonanties van het natieve YB-1 CSD vrijwel 
compleet toegekend in een selectieve set van NMR-experimenten (hoofdstuk 2 en 3). De 
toekenning van een deel van het domein, de lus die ß-streng 3 en 4 met elkaar verbindt 
(L34), was zeer moeilijk, omdat de meeste resonanties van deze lus ontbraken in de spectra. 
De toekenning van de NMR-signalen werd eveneens bemoeilijkt door het feit dat natief 
YB-1 CSD in evenwicht is met een ontvouwen vorm. Dit evenwicht en de eigenschappen 
van de ontvouwen toestand zijn ook bestudeerd en worden later in deze samenvatting 
besproken. Ondanks alle moeilijkheden bij de toekenning kon de drie-dimensionale 
structuur van het natieve domein bepaald worden. Het is een 5-strengs antiparallele ß-sheet 
met strengvolgorde 5, 4, 1, 2, 3 (hoofdstuk 2 en 3). Deze vouwing is bekend als de
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Oligonucleotide/oligosaccharide bindingsvouwing (OB-vouwing) en wordt gevonden in 
veel eiwitten met verschillende functies en interactiepartners, voorbeelden van zulke 
eiwitten zijn bacteriële toxines, initiatie factoren 1 en 5, en de eerder genoemde bacteriële 
Cold Shock-eiwitten. Er zijn een aantal verschillen tussen de bacteriële Csps en YB-1 CSD, 
namelijk L34 is vier residuen langer in YB-1 CSD en ook de N-terminale streng is langer. 
Uit de DNA-bindingsexperimenten, NMR-titraties en zogenaamde surface plasmon 
experimenten, blijkt dat YB-1 CSD vergelijkbare bindings-eigenschappen heeft als die 
beschreven zijn voor de bacteriële Csps, maar met enkele eiwitspecifieke verschillen in de 
exacte bindingseigenschappen (hoofstuk 3). YB-1 CSD bind bij voorkeur aan pyrimidine- 
rijk enkelstrengs DNA, gevolgd in affiniteit door enkelstrengs DNA dat de Y-box-sequentie 
bevat. De nucleïnezuurbindingsaffiniteit van CSD is veel zwakker dan die van de complete 
Y-box-eiwitten. Dit betekent dat de andere twee domeinen van de Y-box-eiwitten eveneens 
een rol spelen bij binding. De locatie van de bindingsplaats kon bepaald worden uit de 
NMR-titratie experimenten. De bindingsplaats is gepositioneerd op het oppervlak tussen de 
lus die streng 1 en 2 verbindt (Lj2) en de lus tussen streng 4 en 5 (L45). De bindingsresiduen 
op dit eiwitoppervlak vormen twee motieven, die homoloog zijn aan de RNA- 
bindingsmotieven RNP-1 en RNP-2. Deze motieven komen ook voor in de bacteriële Csps 
en RNA-bindende eiwitdomeinen.
De volgende stap was het bestuderen van de dynamica van YB-1 CSD (hoofdstuk 
4). Om de flexibiliteit van natief YB-1 CSD te kunnen bestuderen is het nodig om 
onderscheid te maken tussen de dynamica van de natieve toestand en de tweede toestand, 
die wij ontvouwen noemen en de uitwisselingssnelheid tussen de twee toestanden. Ten 
eerste zijn de resonanties van de ontvouwen toestand uitgebreid toegekend. Vrijwel alle 
residuen van YB-1 CSD komen voor in twee toestanden. Ten tweede is de 
uitwisselingssnelheid tussen de gevouwen en ontvouwen toestand bepaald met behulp van 
een T1-uitwisselings-experiment. De vouwingssnelheid was redelijk constant over heel het 
eiwit, ongeveer 0.2 s-1, net als de ontvouwingssnelheid die in de orde van 0.5 s-1 ligt. Het 
natieve domein heeft flexibele uiteinden en twee flexibele lussen, L12 en L45, en een starre 
lus, die strengen 2 en 3 met elkaar verbindt. Het voorstel is dat die laatst genoemde lus een 
structurele functie heeft, terwijl de andere twee lussen betrokken zijn bij DNA-binding. De 
interne dynamica van CSD is zeer vergelijkbaar met die van bacteriële eiwitten, behalve 
voor Lj2, die in Csps beinvloed wordt door conformationele overgangen op de
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nanoseconde-tijdschaal. Het Cold Shock-domein is veel minder stabiel dan de bacteriële 
Csps ondanks hun identieke topologie. De relaxatieparameters van de natieve en 
ontvouwen toestand van YB-1 CSD zijn met elkaar vergeleken. Op basis van de verschillen 
in chemische verschuiving en dynamica, stellen wij voor dat de ontvouwen toestand nog 
residuele structuur bevat.
De OB-vouwingsfamilie waartoe YB-1 CSD en de Csps horen bevat eiwitten met 
een grote verscheidenheid aan functies, liganden en oligomerizatietoestanden. De 
vergelijking van YB-1 CSD met andere eiwitten is uitgebreid door een structuur- 
superpositie te maken van eiwitstructuren van deze familie om mogelijk overeenkomstige 
eigenschappen tussen de eiwitten te ontdekken en uit te zoeken of ze evolutionair met 
elkaar verbonden zijn (hoofdstuk 5). Sequentie-alignment van de leden van de eiwitfamilie 
liet geen sequentiele homologie zien. Daarentegen kon uit de structurele superpositie een 
geconserveerde set aminozuren afgeleid worden, die de kern van de eiwit structuren 
defineert en daarmee de complete vouwing van de familie. Daarnaast werd gevonden dat de 
locatie van de bindingsplaats kan varieren voor de verschillende eiwitten in de familie. De 
bindingsplaats van YB-1 CSD wordt op dezelfde positie gevonden als voor de meerderheid 
van de vergeleken eiwitten, dat wil zeggen op het oppervlak tussen L12 en L45. Deze situatie 
komt voor als het oppervlak tussen de twee lussen vrij toegankelijk is voor het 
nucleïnezuur, maar de bindingsplaatspositie is te vinden op andere delen van het 
eiwitoppervlak als de plaats tussen L12 en L45 afgeschermd wordt door andere delen van het 
eiwitcomplex. Concluderend kunnen we stellen dat de OB-vouwing een geconserveerde 
kern heeft met een bindingsplaats gesitueerd op het oppervlak. De positie van de 
bindingsplaats is afhankelijk van de toegankelijkheid van de bindingsplaats in het eiwit. In 
de OB-vouwingsfamilie worden de de nucleïnezuurbindingsmotieven RNP-1 en RNP-2 
alleen gevonden in Csps, CSD en het Rho-eiwit. Hierdoor is een evolutionair verband 
tussen de OB-vouwingsfamilie en de zogenaamde Ribonucleoproteine-familie (RNP), die 
wordt gedefinieerd door de aanwezigheid van de RNP-bindingsmotieven, niet 
waarschijnlijk, ondanks het feit dat de superpositie van het RNP-eiwit U1A en YB-1 CSD 
een perfecte alignment van de bindingsresiduen van deze motieven laat zien. De 
overeenkomsten tussen de bindingsplaatsen van deze eiwitten kunnen zijn ontstaan door 
convergente evolutie.
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Het werk gepresenteerd in dit proefschrift geeft een start voor het begrijpen van de 
functie van Y-box-eiwitten op een moleculair niveau doordat het de structurele en 
bindingseigenschappen beschrijft als mede de flexibiliteit van YB-1 CSD, inclusief de 
overeenkomsten en verschillen tussen het eukaryote cold shock domein en bacteriële 
eiwitten in perspectief met andere eiwitten zoals die tot de OB-vouwingsfamilie en de 
RNP-eiwitfamilie behoren.
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In dit proefschrift wordt het onderzoek beschreven naar de structuur en functie van 
het zogenaamde Cold Shock-domein van het menselijke eiwit YB-1, dat aan enkelstrengs 
DNA bindt. Allereerst moet voor het begrip van dit proefschrift uitgelegd worden wat een 
eiwitdomein is. Een domein is een compact deel van een eiwit dat zelfstandig kan 
opvouwen zonder dat het andere delen van het eiwit nodig heeft.
Het YB-1-eiwit is een Y-box-eiwit. Y-box-eiwitten spelen een rol bij de regulatie 
van processen, die genen aanzetten tot het maken van eiwitten, die een speciale functie 
vervullen in de cel. (Bij eiwitsynthese wordt eerst een gen op het DNA afgelezen 
(transcriptie), en gekopieerd in de vorm van boodschapper-RNA, wat vervolgens als code 
gebruikt wordt voor het maken van het eiwit (translatie)). Deze gesynthetiseerde eiwitten 
hebben een functie in, onder andere, celgroei, cel-ontwikkeling, en resistentie tegen 
geneesmiddelen die een rol spelen bij kankerbestrijding. Om hun regulerende rol te kunnen 
vervullen moeten de Y-box-eiwitten aan DNA binden op specifieke plaatsen. Namelijk op 
een plaats, die het aflezen van het DNA reguleert. Deze specifieke DNA-binding zou 
verzorgd worden door de middelste van de 3 domeinen waar Y-box-eiwitten uit bestaan, 
namelijk het zogenaamde Cold Shock-domein (afkorting CSD, zie ook figuur 1a). Het 
domein heeft zijn naam gekregen van bepaalde bacteriële eiwitten, die zorgen dat de 
bacteriën weer gaan groeien, nadat ze gestopt zijn met groeien omdat ze blootgesteld 
werden aan een ferme daling in temperatuur. Dit Cold Shock-domein is onderwerp van 
studie in dit proefschrift. De vraag, die in dit proefschrift wordt beantwoord, is: hoe ziet het 
Cold Shock-domein eruit en hoe vervult het zijn DNA-bindende functie.
Om deze vraag te kunnen beantwoorden moesten verschillende zaken onderzocht 
worden. Ten eerste werd de structuur van het domein in oplossing bepaald met de techniek 
Nucleaire Magnetische Resonantie (NMR). Hiervoor moet uitgezocht worden wat de 
posities zijn van de signalen van de atoomkernen van het Cold Shock-domein in een NMR- 
meting. Die posities heten de chemische verschuivingen. Deze posities zijn nodig voor het 
interpreteren van de NMR-metingen waarmee een afstandentabel gemaakt kan worden. In 
deze tabel staat hoe ver een atoomkern van een andere atoomkern afzit. Met behulp van 
deze afstandstabel kan de structuur van het Cold Shock-domein berekend worden. Het Cold 
Shock-domein ziet er uit als een cylinder die aan de bovenkant een lange lus heeft als een
150 Samenvatting voor niet-deskundigen
a
CSD
Domein 1 Domein 3
b c hengsel d hengsel
cylinder
hengsel
oor 1
Figure 1: A) Schematische weergave van het Y-box eiwit. Het eiwit bestaat uit 3 domeinen, 
waarvan domein 2 het Cold Shock-domein is (engelse afkorting CSD). Domein 1 is het N-terminale 
domein, waarvan de functie onbekend is en domein 3 is het C-terminale domein, dat voor interactie 
met andere eiwitten zorgt. B) Schematische weergave van de structuur van het Cold Shock-domein. 
Het domein ziet er uit als een cylinder met daaraan een hengsellus en twee oorlussen. C) Het Cold 
Shock-domein weergeven in een lintrepresentatie gebonden aan een stuk DNA dat weergegeven is 
in een zwarte staafrepresentatie, waarbij wordt geillustreerd hoe het DNA aan het domein 
gebonden kan zitten. De 3 lussen van het Cold Shock-domein zijn in lichtere grijstinten 
weergegeven. Zoals te zien is in de figuur, bindt het DNA tussen de twee oorlussen. D) Een bundel 
van 10 structuren zoals die berekend zijn voor het Cold Shock-domein. Duidelijk is te zien dat de 
hengsellus en de twee oorlussen en de uiteinden van het domein meerdere posities kunnen hebben. 
Deze positieverdeling is een maat voor de flexibiliteit van de delen van het domein.
soort hengsel en twee uitstekende lussen aan een zijkant als een soort oren (weergegeven in 
figuur 1b). Door te kijken hoe de posities van de atoomsignalen in een NMR-meting 
veranderen als er klein stukje DNA bij het domein wordt gedaan, kon aangetoond worden 
dat de bindingsplaats tussen de twee oren zit (een model van hoe het DNA aan het domein
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gebonden kan worden is te zien in figuur 1c). Namelijk alleen van die atomen die dicht bij 
het DNA zitten veranderen de signalen van positie.
De volgende stap in onze studie is om te bepalen hoe sterk het domein DNA bindt 
en hoe selectief het domein DNA van bepaalde samenstelling (sequentie) kan herkennen. 
Met behulp van 4 stukken DNA met verschillende samenstelling is aangetoond dat de 
binding aan DNA door het domein alleen nogal zwak is. De selectiviteit is ook niet hoog, 
maar het eiwit heeft wel een lichte voorkeur van enkelstrengs DNA waarin veel 
pyrimidines zitten (pyrimidines zijn twee bouwstenen van DNA, die aangegeven worden 
met C (cytosine) en T (thymine). De DNA-code bevat ook nog A (adenine) en G (guanine), 
die beiden purines zijn). Uit onze resultaten volgt dat de andere 2 delen van het Y-box eiwit 
nodig zijn om de hoge specificiteit en bindingssterkte te bereiken, die in de literatuur 
gerapporteerd is.
Om zijn functie te kunnen uitvoeren moet een eiwit ook flexibel zijn. Het 
relaxatiegedrag van atomen in NMR-experimenten is een maat voor de interne 
beweeglijkheid van de atomen in het domein. Dit gedrag kan gemeten worden met bepaalde 
NMR-experimenten. Via deze experimenten werd de flexibiliteit van het domein in kaart 
gebracht. Vooral de lussen van het eiwit rond de DNA-bindingsplaats bleken bewegelijk en 
ook de lus die de cilinder afsluit als een hengsel (zie figuur 1d). De functie van de 
“hengsellus” is nog onbekend. De twee “oorlussen” houden waarschijnlijk het DNA vast 
tijdens binding en moeten kunnen bewegen om het DNA toe te laten tot de bindingsplaats 
om het vervolgens daar te houden.
Zowel de structuurbepaling als de NMR-relaxatie-experimenten werden 
bemoeilijkt doordat het Cold Shock-domein niet stabiel is. Er is een evenwicht tussen de 
gevouwen, functionele vorm en de ontvouwen vorm van het domein. Speciale relaxatie- 
experimenten zijn gedaan om de gevouwen en ontvouwen vorm te bestuderen. De snelheid 
waarmee het eiwit vouwt en ontvouwt werd bepaald door het gedrag voor een groot aantal 
residuen te bekijken. De snelheid was voor al de residuen ongeveer hetzelfde. Dit betekent 
dat het domein als geheel ontvouwt en opvouwt en niet dat het eerst voor een deel snel 
ontvouwt en de rest van het domein langzamer ontvouwt. De relaxatie-eigenschappen van 
de gevouwen en ontvouwen vorm konden nu redelijk bepaald worden. De ontvouwen vorm 
bleek wat meer flexibel dan de gevouwen vorm, maar nog wel redelijk compact. De mate 
van ontvouwing en de evenwichtssnelheid zijn waarschijnlijk een algemene eigenschap van
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kleine cilindervormige eiwitdomeinen. Waarschijnlijk wordt het Cold Shock-domein 
gestabiliseerd in het complete Y-box-eiwit door de twee andere delen van het eiwit.
Om het domein en zijn functie in het grotere plaatje te kunnen plaatsen, zijn de 
leden van de eiwitfamilie waartoe het domein behoort, met elkaar vergeleken met behulp 
van bio-informaticatechnieken. Het is de vraag hoe de structuureigenschappen van CSD 
zich verhouden ten opzichte van die van de andere leden van de familie en van de leden 
onderling. De eiwitfamilie is een redelijk grote familie van domeinen, die een even grote 
cylindervorm hebben met dezelfde topologie. De leden van de familie, bijvoorbeeld het 
enkelsstrengs-DNA-bindend eiwit uit menselijke mitochondriën en transcriptie- 
initiatiefactor 1, hebben zeer verschillende functies en binden aan verschillende 
nucleïnezuursubstraten, zoals enkelstrengs DNA of DNA-haarspeldlussen of RNA. De 
domeinen zijn met elkaar vergeleken door hun structuren over die van een 
referentiedomein, het C-terminale domein van replicatie eiwit A, te leggen (superponeren). 
Vervolgens is gekeken of de functionele groepen van al deze domeinen op dezelfde plaats 
zitten, en dus of de substraten op dezelfde plaats aan de domeinen binden. Dit bleek niet het 
geval te zijn. Er waren verschillende bindingsplaatsen voor de substraten, mogelijk 
afhankelijk van de functie van het eiwit, waarvan er een het meeste voorkomt. In het Cold 
Shock-domein zit de DNA-bindingsplaats ook op deze voorkeurspositie, namelijk tussen de 
twee “oorlussen” (zoals in figuur 1c). Hoe de bindingsplaats er uitziet, dat wil zeggen, waar 
de bindende residuen zitten op de bindingsplaats, kan nog zeer verschillen. Bijvoorbeeld, er 
kunnen meer of minder bindende residuen zijn en de “oorlussen” kunnen langer of korter 
zijn. Dankzij de superpositie van de eiwitten kon aangetoond worden dat de eiwitten een 
geconserveerde kern hebben, die niet te detecteren is als alleen de aminozuurvolgorden van 
de eiwitten met elkaar vergeleken worden (sequentiële alignment). Dit betekent dat het 
binnenste van de cylinder van de eiwitten door homologe aminozuren is opgebouwd. Deze 
observatie is een aanwijzing dat de eiwitfamilie uit hetzelfde vooroudereiwit is ontstaan, 
omdat de aminozuren in het binnenste van de cylinder de vouwing bepalen. De eiwitfamilie 
blijkt een zeer flexibele familie te zijn, in de zin dat de leden van de familie een breed scala 
aan functies kunnen vervullen, terwijl ze toch dezelfde topologie hebben.
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